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Abstract 

Noble metal nanocrystals are known for their unique optical and electronic properties which stem from 

their ability to support localized surface plasmon resonance (LSPR). These properties have made noble 

metal nanoparticles extremely popular for applications in sensors, imaging and spectroscopy techniques, 

and electronic and catalytic devices. In the past twenty years there has been an increase in the interest in 

the field of thermoplasmonics which focuses on harnessing the LSPR properties of nanoparticles for 

localized heating applications. The goal of this work was to investigate the selective thermoplasmonic 

excitation of different types of silver nanocube (AgNC) structures in supported monolayers via 

thermoplasmonic embedment. AgNCs monolayers were deposited on polystyrene thin films using 

Langmuir-Schaefer deposition and then subject to different intervals of laser exposure. A wavelength of 

458 nm was chosen to selectively embed the individual AgNCs and a wavelength of 568 nm was chosen 

to selectively embed the silver nanocube clusters (AgClusters). The extent of selective embedment was 

determined by analyzing the topographic profiles of the different AgNCs and AgClusters in the monolayer 

following laser exposure. Based on the embedment patterns achieved with the respective wavelengths, 

it was determined that both types of selective embedment were attained. In addition to being the first 

reported instance of spatially resolved thermoplasmonics in supported nanoparticle monolayers, these 

selective embedment techniques show promise for future applications in nanopatterning. 
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1. Introduction 

Over the past decades there has been a dramatic increase in the application of nanotechnology to solve 

problems in biotechnology, medicine, engineering, and device technology. The unique optical and 

electronic properties of nanoparticles have been harnessed for use in biosensors, immunoassays, optical 

imaging and spectroscopy techniques, catalysis, electronic and photovoltaic devices, and nano-

patterning.1,2 As the demand for nanotechnology solutions increases, so does the need for the 

development of novel nanomaterials and techniques to suit niche applications. This work describes the 

development of a novel technique to achieve nanopatterning via selective thermoplasmonic excitation 

of supported silver nanocrystals. 

In order to understand the theoretical principles behind these experiments, and how they may 

contribute to existing knowledge, an understanding of plasmonics and nanoparticle/polymer composites 

is required. The following section will provide an overview of plasmonics, focusing on the plasmonic 

properties of nanoparticles, the variables that affect them, and how they can be harnessed for localized 

heating applications. Since the plasmonic properties of nanoparticles are so dependent on morphology 

and local environment, the shape-controlled synthesis of colloidal nanocrystals and the use of polymer 

thin-film support will also be discussed. This section will conclude with a discussion of numerical 

modelling techniques, focusing on the simulation software used in this study to elucidate the 

experimental results and provide direction for future experiments. 

1.1 Plasmonics 

A plasmon is a quantum (smallest unit of discrete energy) of plasma oscillations.3 Also referred to as  

Langmuir Waves, plasma oscillations are the organized rapid motion of free electrons in the conduction 

band of a conductive material.4 A plasmon oscillates at a defined frequency and will only oscillate when 

excited by incoming electromagnetic (EM) radiation of the same frequency.3,5,6 This phenomenon is 
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known as plasmon resonance (PR). Plasmonics is the field of science that investigates the interactions 

between EM radiation and plasmon electrons that lead to plasmon resonance.7,8   

While seemingly complex, plasmon oscillations can be described using classical physics.3 The various 

types of plasmons that can exist in different materials, the equations describing their behaviour, and the 

things that affect their resonance behaviours will be described in the sections below. Though plasmon 

resonance has been shown to occur in other conducting materials, for the sake of simplicity it will be 

described in this introduction in the context of occurring in metals.9  

1.1.1 Bulk, Surface and Localized Plasmons 

There are three different types of plasmons that can exist in different types of metallic materials: bulk 

plasmons, surface plasmons, and localized surface plasmons. For a bulk metal of infinite size, the 

frequency of oscillations of electrons in a plasmon (ωp) can be described with the following equation 

ωp = √
Ne2

ε0m𝑒
     (Equation 1)  

where N is the number density of conduction electrons, ε0 is the dielectric constant of vacuum, e is the 

charge of an electron, and me is the effective mass of an electron.5 The energy of a bulk plasmon (𝐸𝑝) can 

be described by Equation 2 in which ε0 is the permittivity of free space, N is the electron number density, 

e is the electron charge, and me is the electron mass.1,5 

𝐸𝑝 = ℏ√
Ne2

ε0m𝑒
      (Equation 2)  

In Equation 1 all the variables aside from N are constant. This illustrates that the bulk plasmon frequency 

of a select metal is dependent solely on its density of free electrons.5 Because free electron density 

depends on the identity of a metal, different metals will have different plasmon frequencies. The plasmon 

frequencies of most metals are within the ultraviolet (UV) region (corresponding to light with λ of 100-
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400 nm) but the plasmon frequencies of alkali metals and noble metals (Cu, Ag, and Au) are within the 

visible region (corresponding to light with λ of 350-700 nm).5,6  

Electromagnetic radiation can rarely penetrate more than 50 nm deep in a metal surface.5 Because of this, 

bulk plasmons are of far less interest than their surface counter parts. There are two main types of surface 

plasmons: propagating surface plasmons (PSPs) and localized surface plasmons (LSPs).  

PSPs occur when plasmons on the surface of a metal are excited and begin to oscillate along the interface 

of the metal surface and the dielectric medium (the non-conductive medium the metal surface is in). 

These plasmons can propagate in the x and y direction along the metal-dielectric interface for distances 

up to 100s of µm.8 As they move along the surface of a material, the amplitude of the oscillation decays 

exponentially until the energy dissipates.8 The oscillation of electrons around fixed ion cores that occurs 

in PSPs leads to areas of high and low electron density across the surface of a material.3,5,8 These areas of 

high and low electron density cause alternating areas of respective negative and positive charges along 

the surface of the metal. This phenomenon can be seen in Figure 1.1 below where the red lines in the 

figure indicate the electromagnetic field component of light that induces the oscillation of the electrons. 

 

Figure 1.1: Schematic of Surface Plasmon resonance. Adapted with permission from (5). Copyright Annual Reviews of Physical 

Chemistry 2009. 
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The frequency of a propagating surface plasmon (ωpsp) can be theoretically related to the frequency of a 

bulk plasmon with Equation 3 below which assumes a metal-vacuum interface.5 

ωpsp = ωp/√2     (Equation 3)  

While the wavelength used to excite bulk plasmons is always consistent for a given metal, the wavelength 

that corresponds to a surface plasmon resonance can vary because the oscillation frequency of a surface 

plasmon is dependent on both the refractive index of the metal and the dielectric medium.1,8,10 This makes 

surface plasmons very sensitive to changes in the local environment and it is a property that is exploited 

in many spectroscopy and sensing applications.4-8 

When a surface plasmon is excited on a metal structure that is smaller than the wavelength of incident 

light used for excitation, the surface plasmon cannot propagate in an x or y direction. The plasmon 

instead is confined or “localized” to oscillating around the particle in what is known as localized surface 

plasmon resonance (LSPR).3,5,8 LSPR most commonly occurs in metal nanoparticles-metal crystals with all 

dimensions on the nanoscale. 

When a metal nanoparticle’s LSPR is excited, the electric field component of the light causes the free 

electrons in the conduction band of the metal to collectively move away from the centre of the mass of 

the particle towards the boundary.6 These free electrons moving away from the particle in one direction 

create significant charge separation generating dipoles within the particle.6 The strongest dipole is formed 

when the frequency of the incident light is the same as that of the plasmon leading to maximum 

constructive interference. Figure 1.2 illustrates dipole generation within a metal nanosphere via electron 

oscillations.  
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Figure 1.2: Schematic of nanoparticle dipole generated by Localized Surface Plasmon resonance. Adapted with permission 

from (5). Copyright Annual Reviews of Physical Chemistry 2009. 

The presence of an LSP leads to an enhanced electric field near the particle’s surface, which is strongest 

at the surface of the particle and decays exponentially with distance.3 The enhanced electric field caused 

by LSPR is referred to as a particle’s near-field and it is higher in energy than the incident EM radiation 

used to induce LSPR oscillation.3  

There are many different variables that affect the frequency of localized plasmons and their 

corresponding resonance. To explain LSPR physicists and chemists use Mie theory, a series of 

mathematical solutions that describe how particles interact with light.   

1.1.2 Mie Theory 

When any electromagnetic radiation such as light encounters an object there are two different 

phenomena that occur: absorption and scattering. In absorption, the incident electromagnetic radiation 

transfers energy to the object; once transferred, this energy will manifest in a different form in the 

object.11 In scattering the incoming electromagnetic radiation is absorbed by the object and re-emitted in 

a different direction.11 Extinction is the measure of any light that is not transmitted through a material 

and is the sum of absorption and scattering.11 
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Mie theory is a general solution to Maxwell’s equations developed by Gustave Mie to describe the 

scattering of electromagnetic waves by a spherical particle.6,12–14 It can be applied to metal nanoparticles, 

making the assumption that the particles are perfectly spherical.6 Values typically calculated with Mie 

theory include optical properties such as the diffusion efficiencies of absorption, scattering and extinction 

(Qabs, Qabs and Qext respectively) and their corresponding cross sections.13–15 Calculating these values is of 

interest to chemists and physicists as it allows them to explain and investigate optical properties of 

nanoparticles, such as the frequencies of light for which LSPR will occur.12,13,15,16 The extinction cross 

section (σext), scattering cross section (σsca), and absorption cross section (σabs) of a spherical conducting 

particle embedded in a medium with a dielectric function of εm are described by the following equations 

𝜎𝑒𝑥𝑡 =
2𝜋

|𝑘|2
∑ (2𝐿 + 1)[𝑅𝑒(𝑎𝐿 + 𝑏𝐿)]

 ∞
𝐿=1     (Equation 4) 

𝜎𝑠𝑐𝑎 =
2𝜋

|𝑘|2
∑ (2𝐿 + 1)(|𝑎𝐿|

2 + |𝑏𝐿|
2)∞

𝐿=1     (Equation 5) 

𝜎𝑎𝑏𝑠 = 𝜎𝑒𝑥𝑡 − 𝜎𝑠𝑐𝑎     (Equation 6) 

where 𝑘 is the incoming wave-vector and it is equal to 
2𝜋√𝜀𝑚

𝜆
 (λ is the wavelength of incident wave); 𝑅 is 

the radius of the particle; 𝑒 is the electron charge; and L is an integer representing the dipole (L = 1), 

quadrupole (L = 2), and higher modes of excitations (L = 3, 4, ...).3,12 Both 𝑎𝐿 and 𝑏𝐿 are scattering 

parameters composed of the Riccati-Bessel functions 𝜑𝐿 and χ𝐿 and are modelled by the equations 

𝑎𝐿(𝑅, λ) =
𝑚𝜑𝐿(𝑚𝑥)+𝜑𝐿

′ (𝑥)−𝜑𝐿
′ (𝑚𝑥)𝜑𝐿(𝑥)

𝑚𝜑𝐿(𝑚𝑥)+χ𝐿
′ (𝑥)−𝜑𝐿

′ (𝑚𝑥)χ𝐿(𝑥)
    (Equation 7)  

𝑏𝐿(𝑅, λ) =
𝜑𝐿(𝑚𝑥)+𝜑𝐿

′ (𝑥)−𝑚𝜑𝐿
′ (𝑚𝑥)𝜑𝐿(𝑥)

𝜑𝐿(𝑚𝑥)+χ𝐿
′ (𝑥)−𝑚𝜑𝐿

′ (𝑚𝑥)χ𝐿(𝑥)
      (Equation 8)  

where 𝑚 = �̃�/𝑛𝑚, �̃� = 𝑛𝑅 + 𝑖𝑛𝐼 is the complex refractive index of the metal, 𝑛𝑚 is the real refractive 

index of the surrounding medium, and 𝑥 = 𝑘𝑚𝑟, where 𝑟 is the radius of the particle.3,12 It is important to 
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note that  𝑘𝑚 = 2𝜋/𝜆𝑚 and is defined as the wavenumber in the medium rather than the vacuum 

wavenumber.1  

In order to use Mie theory to provide insight to LSPR phenomena, Equations 4-8 need to be simplified.3 

To simplify these equations the Rayleigh approximation is used. The Rayleigh approximation assumes that 

the nanoparticle is very small compared to the wavelength of the incoming electromagnetic radiation, 

and it satisfies the condition that the value of  𝑥 << 1 for Equations 7 and 8.3,12,13 In the Rayleigh regime of 

scattering, also referred to as the dipole regime or quasi static regime of scattering, the Riccati-Bessel 

functions can be simplified into the following: 6,3,12 

𝑎𝐼 ≈ −
𝑖2𝑥3

3
 
𝑚2−1

𝑚2+ 2
     (Equation 9) 

𝑏𝐼 ≈ 0                  (Equation 10) 

By considering the terms up to 𝑥3 for approximation, 𝑎𝐼 and 𝑏𝐼 of higher order would be zero, and only 

the dipole resonance condition (L=1) is considered.3,12 

In order to better express the extinction cross section one has to find the real part of 𝑎𝐼, which can be 

done by substituting 𝑚 = (𝑛𝑅 + 𝑖𝑛𝐼)/𝑛𝑚 into Equation 9 to get Equation 11.3,12 

𝑎𝐼 ≈ −i
2𝑥3

3
 
𝑛𝑅

2−𝑛𝐼
2+𝑖2𝑛𝑅𝑛𝐼−𝑛𝑚

2

𝑛𝑅
2−𝑛𝐼

2+𝑖2𝑛𝑅𝑛𝐼−2𝑛𝑚
2       (Equation 11) 

Then, to express 𝑎𝐼 in terms of dielectric functions instead of refractive indices, Equations 12-14 can be 

used 

 𝜀1 = 𝑛𝑅
2 − 𝑛𝐼

2         (Equation 12) 

𝜀2 = 2𝑛𝑅𝑛𝐼      (Equation 13) 

𝜀𝑚 = 𝑛𝑚
2                  (Equation 14) 
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where 𝜀1 and 𝜀2 compose the real and imaginary components of a metal’s complex dielectric function and 

𝜀𝑚 is the dielectric function of the material.3,12 The real and imaginary components of 𝜀𝑚 are also 

commonly represented as 𝜀𝑟 and 𝜀𝑖  and the two notations can be used interchangeably. 

Substituting Equations 12-14 into Equation 11 and using the resulting expression for 𝑎𝐼  in Equations 4 and 

5 yields new expressions for the extinction and scattering cross sections.3,12 

𝜎𝑒𝑥𝑡 =
18𝜋𝜀𝑚

2/3
𝑉

𝜆
 

𝜀2(𝜆)

[𝜀1(𝜆)+2𝜀𝑚]2+𝜀2𝜆
2    (Equation 15) 

𝜎𝑠𝑐𝑎 =
34𝜋4𝜀𝑚

2 𝑉2

𝜆4  
[𝜀1(𝜆)+𝜀𝑚]2+𝜀2𝜆

2

[𝜀1(𝜆)+2𝜀𝑚]2+𝜀2𝜆
2    (Equation 16) 

As a nanoparticle’s optical extinction has a maximum at the nanoparticles plasmon resonant frequency, 

the extinction cross section is of extreme interest to those who work with nanomaterials.3,6 Based on 

Equation 6 it can be seen that extinction is the sum of the absorption and scattering cross sections. 

However, within the Rayleigh regime the main contribution to the extinction is the absorption and 

scattering is negligible.6,17 Because of this, the individual contributions of the absorption and scattering 

cross sections to the extinction cross sections are rarely calculated. Instead scientists use the extinction 

cross section to investigate under what conditions LSPR will occur. Equation 15 expresses the extinction 

cross section in terms of the volume (V) of a spherical nanoparticle. Another common form of the 

extinction cross section equation that uses the particles radius (R) can be seen in Equation 17,  

𝜎𝑒𝑥𝑡 =
24𝜋2𝜀𝑚

3/2
𝑅3

𝜆
 

𝜀2

[𝜀1+2𝜀𝑚]2+𝜀2
2    (Equation 17) 

where 𝜀𝑚 is the dielectric constant of the medium surrounding the particle and 𝜀1 and 𝜀2 are the real and 

imaginary parts of the metal’s dielectric constant (𝜀𝑚) respectively.6 In Equations 15 and 16 the 

component of the metal’s dielectric constant are expressed as functions of lambda. The (𝜆) were removed 
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for Equation 17 for the sake of simplicity but it is important to note that both 𝜀1 and 𝜀2 will change with 

the wavelength of the incoming electromagnetic radiation.18,19  

The resonant condition of a nanoparticle will occur when it’s 𝜎𝑒𝑥𝑡 value is at a maximum.3 This happens 

when the bracketed expression in the denominator of Equation 17 approaches zero. When [𝜀1 + 2𝜀𝑚]2 

approaches zero, 𝜎𝑒𝑥𝑡 will become very large and the extinction at this particular frequency will become 

extremely strong.3,6,19 These conditions are known as a resonance condition and need to be met in order 

for a material to support plasmon resonance. 3,6,19 

1.1.3 Effect of Chemical Composition on LSPR 

A material can only meet the resonance condition if the value of 𝜀1 is close to  −2𝜀𝑚, (𝜀1 ≈ −2𝜀𝑚 ). This 

is most readily achieved when the value of 𝜀1 is negative and the value of 𝜀2 is a small positive number.8 

The majority of standard dielectric elements and compounds have 𝜀1 values of 1-50, however, alkali 

metals (such as Na, K and Li) and transition metals (such as Al, Cu and Au) possess the electronic properties 

required to support plasmon resonance in the visible and near infrared regions.6–9,12,13,19–21  

When considering a plasmonic material it is important to establish that the material not only meets the 

resonance condition but also possesses a strong plasmon. A strong plasmon, also referred to as an intense 

plasmon, is one that has a sharp, well-defined resonance frequency and will exhibit minimal damping 

(decreased amplitude of oscillation over time).9,19,22 The intensity of a plasmon is measured by the quality 

factor, Q , which is given by the equation 

Q =
ω(

dε1
dω

)

2(ε2)
2      (Equation 18)  
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where 𝜔 is the angular frequency of light (
2𝜋

𝜆
) and 𝜀1 and 𝜀2 are the real and imaginary parts of the 

dielectric function respectively.9,19,22 In general, in order for a material to be used for a specific plasmonic 

application its Q value should be greater than 10.9,19,22  

Ag and Au are generally the materials of choice for plasmonic applications as they posses optimal optical 

and chemical characteristics. As can be seen in Figure 1.3, Ag has a negative 𝜀1 for wavelengths between 

~320nm-800 nm and a small positive value of ε2 between 300 nm-800 nm; and Au has a negative 𝜀1 from 

~480 nm-800 nm and a small positive value of 𝜀2 between 550-750 nm.19 This means that their plasmon 

resonances are within the visible region of the spectrum and can be excited by standard optical sources 

and methods.23 However, the value of 𝜀2 for gold is high for wavelengths less than 450nm, shows a broad 

transition between 450 – 650 nm, and begins increasing again past 750 nm, resulting in Au having broader 

resonances and lower extinction efficiency than Ag over the visible wavelength range. Ag also has a 

consistently higher quality factor than gold for most wavelengths, as can be seen in Figure 1.4.19,24  

 

Figure 1.3: Plot of the (A) real, 𝜺𝒓, and (B) imaginary, 𝜺𝒊, components of the dielectric function of Ag, Au, and Si as a function 

of wavelength. Reproduced with permission from (19). Copyright American Chemical Society 2011. 
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Figure 1.4: Quality factor (Q) of the LSPR for a metal/air interface. A higher Q denotes less damping and a stronger plasmon 

resonance. The shaded area represents the region of interest for many plasmonic applications. Reproduced with permission 

from (19). Copyright American Chemical Society 2011. 

Ag nanoparticles, depending on their size and shape, can support LSPR with a range a of different 

frequencies but are bioactive and highly prone to oxidation. Au nanoparticles on the other hand can only 

support LSPR with limited frequencies but are bioinert. Consequently, Ag nanoparticles are more popular 

for niche plasmonic applications and  Au nanoparticles are a more popular choice for biological and 

biomedical applications of plasmonic nanoparticles.2,19 Because this study requires nanoparticles with well 

defined plasmons over a wide range of visible wavelengths, Ag is selected as the material of choice. 

1.1.4 Effect of Environment on LSPR 

Another variable that effects the LSPR of nanoparticles is the dielectric properties of their surrounding 

media; particularly the refractive index, n, of any matter close to the nanoparticle surface 3,25–27,28  

To evaluate the LSPR frequency’s dependence on the surrounding medium’s dielectric function a 

frequency dependent form of the real component of the metal’s dielectric function can be used:  
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𝜀𝑟 = 1 −
ω𝑝

2

ω2+γ2            (Equation 19) 

Where 𝜔𝑝 is the plasmon frequency of the bulk metal described in Equation 1, 𝜔 is the frequency of 

incident radiation and 𝛾 is the damping frequency of the bulk metal.3 In the UV-Vis region of the 

electromagnetic spectrum 𝛾 << 𝜔, which allows the above equation to be simplified to3 

𝜀𝑟 = 1 −
𝜔𝑃

2

𝜔2             (Equation 20) 

Rearranging Equation 20 and using the resonance condition (𝜀1 ≈ −2𝜀𝑚) we obtain 

𝜔𝑚𝑎𝑥 =
𝜔𝑃

√2𝜀𝑚+1
     (Equation 21) 

Where 𝜔𝑚𝑎𝑥 is the peak LSPR frequency, 𝜔𝑃 is the bulk plasmon frequency and 𝜀𝑚 is the dielectric 

constant of the medium. Converting from frequency to wavelength using 𝜆 =
2𝜋𝑐

𝜔
, and from dielectric 

constant to index of refraction using 𝜀𝑚 = 𝑛𝑚
2, Equation 21 becomes 

𝜆𝑚𝑎𝑥 = 𝜆𝑃√2𝑛𝑚
2 + 1     (Equation 22) 

where 𝜆𝑚𝑎𝑥  is the LSPR peak wavelength, 𝜆𝑃 is the wavelength corresponding to the plasma frequency of 

the bulk metal and 𝑛𝑚 is the refractive index of the medium.3 This equation tells us that the plasmon peak 

position will increase (or “red-shift”) as the refractive index of the environment increases.3  

While the relationship between 𝜆𝑚𝑎𝑥 and 𝑛𝑚 is not strictly linear, it can be approximated as linear for the 

small range of nm encountered in practical experiments. Figure 1.5 shows experimental data indicating 

the effect that using solvents with different refractive indices has on the LSPR peak of Ag and Au 

nanocubes. As can be seen in Figure 1.5e, the experimentally measured shift in the plasmon peak is very 

close to the plasmon shift calculated using the equations outlined above derived from the Drude model. 
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Figure 1.5: Extinction spectra of the Ag nanocubes acquired by dispersing the nanocubes in the different solvent mixtures. (b) 

Shifts of the different plasmon resonance modes of the Ag nanocubes as a function of the refractive index. (c) Extinction 

spectra of Au nanocubes acquired by dispersing the nanocubes in the different solvent mixtures. (d) Shifts of the plasmon 

mode of the Au nanocubes as a function of the refractive index. The numbers in (b) and (d) indicate the different plasmon 

modes as in Figure 2a and b. (e) Comparison of the refractive index sensitivity of the dipolar plasmon mode between the Ag 

and Au nanocubes. The solid and hollow symbols represent the measured and calculated plasmon shifts, respectively. The 

lines are linear fits. Reproduced with permission from (28). Copyright American Chemical Society 2011. 

LSPR red-shifting in response to an increase 𝑛𝑚 occurs for all size and shape of the nanoparticle and also 

occur in the presence of adsorbed species on the nanoparticle surface.8,25,26 Larger particles or particles 

with a larger effective radius will exhibit a greater sensitivity to changes in 𝑛𝑚, making large particles more 

popular for sensing applications.25  

1.1.5 Effect Size of Nanomaterial on LSPR 

The LSPR of a nanoparticle will broaden and red-shift as the size of the nanoparticle increases. This has 

been shown to be the result of radiation damping and dynamic depolarization.29–31 Radiation damping 

arises from spontaneous emission of radiation by the induced dipole on the nanoparticle, leading the 

electrons to oscillate at a lower energy following said emission.29 This emission increases as the particle 
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size increases which reduces the size of the induced dipole and increases the spectral line-width of the 

plasmon.29 Dynamic depolarization, the phenomena responsible for red-shifting, is the result of the 

depolarization of the electron cloud across the surface of a particle caused by the increase in the ratio of 

particle size to wavelength.29,31,32  

As the size of a nanoparticle changes, the types of plasmonic modes it can support also changes. 

Nanoparticles with diameters of <30 nm will have a homogenously distributed surface charge after being 

excited with incident light, meaning that they have only one possible plasmon resonance, a dipolar mode. 

30,33 Nanoparticles with diameters >30 nm will experience non-homogenously distributed surface charge 

after being excited leading to higher order charge distributions.30,32,33 The higher order mode most 

commonly observed in the extinction spectra of larger particles is the quadrupolar mode, but even higher 

order modes can exist depending on a particle’s shape (discussed in section 1.1.6). The peaks 

corresponding to higher order LSPR modes are always located at shorter wavelength values than the 

dipolar mode, and in the presence of higher order modes the dipolar mode is often red-shifted to a longer 

wavelength value due to the presence of higher order EM field distributions.30  

The effects of radiation damping, dynamic depolarization and higher multipoles that come in to play as 

nanoparticle size increases can cause significant shifts in the LSPR peak of nanoparticles. For example, the 

LSPR peak of 20 nm silver nanoparticles in water is at 520 nm, but, if the size of the silver nanoparticles is 

increased to 100 nm, the LSPR red-shifts all the way to 600 nm.32 Because the frequency of the LSPR of 

nanoparticles is so dependent on their size, researchers can specifically synthesize nanoparticles of 

specific sizes to achieve specific LSPRs tuned for niche applications.  

1.1.6 Effect of Shape on LSPR 

Along with chemical composition and size, the shape of a nanoparticle also plays an important role in 

dictating its optical properties.3,19,29,30,34–36 The geometry of a nanoparticle alters how charge is distributed 
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at the surface of a particle and thus the type of plasmon modes (dipolar, multipolar, etc) that the particle 

can support. This results in different shapes of particles having distinct LSPR patterns and very different 

extinction spectra as can be seen in Figure 1.6. 

 

Figure 1.6: Extinction efficiencies as a function of the wavelength of the incident light of a silver cube, different truncated 

cubes, and a spherical nanoparticle. Reproduced with permission from (30). Copyright American Chemical Society 2007. 

Certain geometries of particles with lots of edges and corners, such as cubes, octahedrons and prisms, will 

have distinct extinction spectra distinguished by the presence of higher order modes at unique 

wavelength positions.33 Nanocubes have multiple peaks in their extinction spectra as charge accumulates 

at their edges and corners inducing extra multipolar charges.37 Silver nanocubes (AgNCs), such as the ones 

used in this study, typically exhibit 3 distinct peaks in their extinction spectra: a dipolar peak at ~430-460  

nm, a quadrupolar peak at ~390 nm and a multipolar peak at ~350 nm. The multipolar peak in the 

extinction spectra of silver nanocubes corresponds to a octupolar resonance which is unique to silver 

cubes.28,38  The width and position of the higher order mode peaks in geometric nanoparticles are 

indicative of the sharpness of the corners and edges of the structure. The more truncated the corners or 

edges of the cube, the broader and more blue shifted the peaks will be.30  
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1.1.7 Plasmonic Coupling 

When plasmonic nanoparticles are in close proximity to each other, such as in a concentrated solution or 

monolayer, the near-field of one nanoparticle can interact with that on the other particle.29,39–43 As 

discussed in section 1.1.1, the presence of an LSP causes an EM near-field on the surface of a particle that 

is enhanced compared to the incident light field. In a situation where two nanoparticles are very close 

(within nm of each other),  the electric fields surrounding the respective particles can interact and the 

electric field 𝐸 felt by each particle is the sum of the incident light field (𝐸0) and the near-field (𝐸𝑛𝑓) of 

the neighboring particle.40 

𝐸 = 𝐸0 + 𝐸𝑛𝑓       (Equation 23) 

This near-field interaction results in the plasmon oscillations of the two nanoparticles becoming coupled 

and leads to what are referred to as hybridized plasmons.39–42,44According to the plasmon hybridization 

theory developed by Nortlander et al, when two plasmons modes interact they will mix to form two new, 

hybridized modes: an asymmetrically coupled anti-bonding mode and symmetrically coupled bonding 

mode.44 These hybridized plasmons can be depicted using a plasmon hybridization diagram that is very 

similar to the molecular orbital diagrams used to explain chemical bonding in molecules.45 Depending on 

the orientation of the incident EM radiation used the excite the LSPR of the particles, the creation of 

transverse or longitudinal coupling modes relative to the dimer axis are possible. For nanoparticles the 

interaction between transverse modes is significantly weaker than the longitudinal modes, and thus 

results in less significant field enhancement. Figure 1.7 below shows the plasmon hybridization diagram 

for the longitudinal dipolar plasmonic modes in spherical metal nanoparticles. 
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Figure 1.7: Plasmon hybridization scheme of longitudinal dipolar modes of an interacting nanoparticle dimer. Two interacting 

modes will mix to form an asymmetrically coupled anti-bonding mode and symmetrically coupled bonding mode. Reproduced 

with permission from (33). Copyright Daniel Prezgot 2014. 

In the case of the longitudinal dipole modes shown in Figure 1.7, the anti-bonding mode has no net dipole 

moment and will not resonate with incident radiation. The bonding mode, however, will produce a strong 

resonance mode that is lower energy than the initial resonant mode of each individual particle. This new 

lower energy hybrid plasmon mode causes a red-shift in the LSPR peak. 29,39–44  

The magnitude of the plasmon wavelength shift has been shown by various researchers to be directly 

dependent on the interparticle distance.39,40,43–47 This is because a nanoparticle’s near-field will decay 

exponentially with distance.3,40 As the distance between particles increases, the value of 𝐸𝑛𝑓 in Equation 

23 decreases, decreasing the total value of 𝐸 and decreasing the degree to which coupling occurs. This in 

turn results in a less red-shifted LSPR peak. 39,40,43–47 

The magnitude of the coupling induced plasmon-shift has also been shown to be affected by the size, 

shape and orientation of the nanoparticles.39,40,43,46,47 For dimers of spherical nanoparticles that are less 

than 80 nm in diameter, only the dipolar modes will undergo plasmon coupling; however, for larger 

nanospheres and more complexly shaped nanoparticles that support higher order plasmon modes, 

coupling between higher order modes (dipole-multipole, quadrupole-quadrupole etc) will occur.39,40,46,47  
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For geometric nanoparticles such as nanocubes, the orientation of the particle dimers also influences it’s 

near field coupling behaviour. Figure 1.8 illustrates the calculated extinction spectra for two AgNC dimers 

with different orientations. 

 

Figure 1.8: DDA calculated extinction spectra for the AgNCs in (A) Face-Face and (B) Edge-Edge orientations at varying 

separation distances of the dimer (2, 4, 8, 10, and 20 nm). The incident light is polarized along the interparticle axis. 

Reproduced with permission from (39). Copyright National Academy of Sciences 2019. 

For the 2 nm separation spectra in Figure 1.8A the main peak in the spectrum (representing the coupling 

of dipolar resonances) is split. This is because when NCs are oriented face-to-face in a dimer there are 

two different dipoles coupling: the dipoles that correspond to the adjacent faces of the respective cubes 

and the dipoles that correspond to the adjacent corners of the respective cubes.39 The magnitude and 

direction of this splitting depends on the size and  roundness of the cubes in the dimer and will typically 

only occur for interparticle distances of ≤ 2 nm.48  

Plasmonic coupling is often examined via simulations in the context of individual dimers or small clusters 

but most experimental nanoparticle arrays are often composed of billions of random nanocubes that 

exhibit various degrees of coupling. In nanocube monolayers, such as the ones used in this investigation, 

the interparticle distance fluctuates. Monolayers that are higher density will have more AgNC 
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dimers/clusters while lower density monolayers may have predominately spatially resolved cubes that 

will not undergo any coupling.49 The extinction spectrum of a low density monolayer will be essentially 

the same as that of an individual cube as the interparticle distance is too significant for plasmonic coupling 

to occur. For higher density monolayers there can be a range of interparticle distances so that some 

particles will undergo coupling and others will not. Because of the sheer number of nanoparticles in a 

monolayer, when some fraction of their population is well coupled the coupling can manifest as an 

additional peak in the extinction spectrum in the 580-600 nm region instead of a red-shift of the LSPR 

dipole peak. 

1.1.8 Substrate Induced Hybridization 

Significant shift of the LSPR of plasmonic nanoparticles can also occur when nanoparticles are supported 

by solid substrates.3,8,26,29,38,50,51 For supported nanoparticle assemblies two types of substrates are 

typically used: metallic and dielectric.3,8,26,38,50 With metallic substrates the interaction between the LSPR 

of the nanoparticle and the substrate surface plasmons can result in hybridized plasmons that have both 

localized and propagating character.50,52 Unlike metal surfaces, dielectric surfaces have no substrate 

modes; however, the nanoparticle still interacts with the substrate resulting in hybridized nanoparticle 

plasmon modes.38,50,51 

When plasmonic nanocubes are suspended in solutions they exhibit primarily one dipolar mode; when 

the same nanocubes are supported by a dielectric substrate, the existing dipolar mode becomes red-

shifted and a new peak in the extinction spectra emerges at a higher energy.38,50,51 This occurs because 

the presence of the substrate breaks the symmetry of the nanoparticles environment, inducing the 

coupling of the nanocubes plasmons modes to form hybridized bonding and antibonding modes.  

For spherical nanoparticles in a vacuum there is no coupling between their dipolar and quadrupolar 

modes.38 However, when the nanoparticles are brought close to a dielectric substrate, their dipolar 
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plasmon density induces surface image charges in the substrate. 38,50,51 This image of a dipolar plasmon 

will have a significant quadrupolar field component which now allows for the coupling of the dipolar and 

quadrupolar plasmons.38,50,51 This phenomena is known as substrate induced hybridization. 

For geometric nanoparticles such as nanocubes, the substrate induced hybridization occurs to a much 

greater extent. This is due to two factors: the increased size of the image charge induced on the substrate 

and the increased number of plasmon modes present in a nanocube.38 For silver nanocubes, such as the 

ones used in this study, it has been shown that substrate induced hybridization leads to red-shifting of the 

existing dipolar mode and the emergence of a new plasmon mode on the blue side of the dipolar mode.51 

Nanocubes have two intrinsic plasmon modes: a dipolar mode (D0) which is a bright mode and a 

quadrupolar mode (Q0) which is a dark mode. A plasmon mode is referred to as a bright plasmon mode if 

it possesses finite dipole moments and thus can be excited by visible light.38 Because bright plasmon 

modes can be excited by visible light they can be observed and analyzed using UV-Vis spectroscopy. Dark 

plasmon modes possess no dipole moments, and thus cannot be excited by visible light, or observed 

individually by UV-Vis spectroscopy.38,40 Because the D0 and Q0 modes of nanocubes are nearly degenerate 

they interact very easily forming new hybridized modes.38 Figure 1.9 below illustrates a plasmon coupling 

diagram similar to the one shown in section 1.1.8 that illustrates the substrate-induced hybridization of 

the D0 and Q0 modes of a AgNC.38 
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Figure 1.9: Schematic illustration of (a) intrinsic cube modes with induced hybridization from the dielectric; (b) energy 

diagram of dielectric effect where the black dotted lines represent the pure dielectric screening effect and the thin blue lines 

represent the substrate mediated interaction; (c) charge distribution of fully hybridized modes. Reproduced with permission 

from (38). Copyright American Chemical Society 2011. 

As can be seen in Figure 1.9, the mixing of the D0 and Q0 modes results in the formation of a bonding 

(D0+Q0 ) and anti-bonding (D0- Q0 ) mode. Because the bonding mode (D0+Q0 ) originates mainly from the 

D0 mode, it is referred to as the hybridized bonding dipolar (D) mode. Similarly, the anti-bonding mode 

(D0- Q0 ) is referred to as the hybridized anti-bonding quadrupolar (Q) mode as it originates mainly from 

the Q0 mode.  

The position of the D and Q hybridized modes in the extinction spectra are dependent on the distance of 

the AgNC from the substrate surface.38,51 Figure 1.10A shows FDTD simulations evaluating the scattering 

patterns of a single 90 nm AgNC as it approaches a glass substrate. These spectra show that as the particle 

approaches the surface the dipole mode associated with the solution spectrum red-shifts and a blue peak 

indicating the presence of a quadrupolar mode appears at 430 nm.51  
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Figure 1.10: FDTD theory showing (A) the emergence of a second peak as a single nanocube (90-nm diameter) approaches a 

dielectric substrate, and (B,C) the field intensities for peaks 1 and 2 of the nanocube in contact with the substrate (the white 

line in the field pattern images represent the substrate). Reproduced with permission from (51). Copyright American Chemical 

Society 2005. 

Another important consequence of the substrate-hybridized modes is that the modes display different 

locations of their charge density.38,50,51 Figure 1.10B and C represent the calculated electromagnetic field 

enhancements of the Q and D modes respectively. The hybridized D mode is oriented towards the 

substrate while the hybridized Q mode it oriented primarily away from the substrate. This can be 

leveraged for many sensing applications as the D more is particularly sensitive to the refractive index of 

the substrate while the Q mode is particularly sensitive the refractive index of the surrounding 

environment.35,38   

1.2 Thermoplasmonics 

Early plasmonic experiments documented a local increase in temperature around particles that had been 

optically excited. 53–55 This localized heating was initially dismissed as a side effect of LSPR excitation that 

should be minimized, however, scientists later realized that this light-controlled localized heating 

provided an unprecedented way of controlling thermal energy at the nanoscale.53,54 This realization led to 

the birth of thermoplasmonics, the branch of plasmonic science that investigates the heat produced by 

plasmonic nanomaterials and any potential applications of this effect.53,54 Despite the fact that 
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thermoplasmonics has been around for twenty years, nanoscale photothermal processes are still not fully 

understood.54,56 Many theoretical simulation techniques have been developed in hopes of mathematically 

explaining nanoscale localized heating, and while several have been shown to be reasonably accurate, no 

single explanation is accepted within the scientific community as conclusively explaining the complex 

underlying physics of the phenomena.54,57 Though the complex relationship between plasmonic excitation 

and heat generation is not yet fully understood, the general mechanism of photothermal heating is 

known. This mechanism, along with the variables that affect it, are explained below. 

1.2.1 Mechanism of Photothermal Heat Generation in Nanoparticles 

When plasmon electrons are excited to oscillation they will undergo electron-electron and electron-

phonon collisions within the metal lattice.55,58,59 These collisions produce heat energy which then spreads 

throughout the nanoparticle.56,59 This phenomenon is shown in Figure 1.11 below. 

 

Figure 1.11: Schematic representation of the lifetime of a plasmon resonance. Upon the plasmon’s excitation (a) the excited 

electrons will form a thermal population of hot carriers, some of which can escape the nanoparticle as hot-electrons (b) 

others of which will undergo collisions within the metal lattice (c). These collisions will produce heat which will thermally 

dissipate through the nanoparticle (d). Adapted with permission from (60). Copyright Nature 2015. 

Once the LSPR of a plasmonic nanoparticle is excited, it only takes a picosecond for the whole nanoparticle 

to become heated.56 Because metals have very high thermal conductivity, this heat is rapidly dissipated 
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to the local surrounding environment until an equilibrium temperature is reached.61 The rapid 

photoinduced heating followed by thermalization is referred to as the thermoplasmonic effect and is a 

photothermal process.  

Photothermal heating can occur in conjunction with other photoinduced processes, such as the hot-

electron generation shown in Figure 1.12b. 56,58,60,62–64 Similar to the complex process of plasmonic heat 

generation, the process of hot-electron generation in plasmonic nanomaterials is not fully understood.63–

68 Though hot-electron generation is not a focus of this study, it is worth noting that many reactions that 

had initially been attributed to hot-electron generation, are now being hypothesized to occur as a result 

of photothermal effect instead.69–71 While this puts a damper on the potential of hot-electron science, it 

strengthens the prospective of thermoplasmonics.  

1.2.2 Temperature Increase of Thermoplasmonic Particles 

The photothermal temperature increase around a plasmonic nanoparticle can be described by the 

following equation developed by Baffou et al 

∆𝑇 =
𝑃𝑎𝑏𝑠

4𝜋𝛽𝑅𝑒𝑞𝑘
      (Equation 24) 

where 𝑃𝑎𝑏𝑠 is the power of the radiation absorbed by the nanoparticle, 𝛽 is a shape correction coefficient, 

𝑅𝑒𝑞 is the radius of the nanosphere with equivalent volume to the desired particle size and 𝑘 is the thermal 

conductivity of the medium.72 Though this equation was initially developed for spherical nanoparticles, it 

serves as a reasonable approximation for other shaped nanoparticles, such as the AgNC used in this 

study.72 Because the power of the radiation absorbed by the nanoparticle is equivalent to the intensity of 

the incident radiation multiplied by the absorption cross section of the particle, the equation can be re-

written as 

∆𝑇 =
𝜎𝑎𝑏𝑠𝐼

4𝜋𝛽𝑅𝑒𝑞𝑘
     (Equation 25) 
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where 𝜎𝑎𝑏𝑠 is the absorption cross section, and 𝐼 is the intensity of the incident radiation used for plasmon 

excitation.72 Plasmonic nanoparticles have exceptionally high absorption cross sections: in fact the 

absorption cross section of a plasmonic nanoparticle can be more than four times the geometric radius of 

the particle.73 It is these extremely large cross sections that makes plasmonic nanoparticles so ideal for 

thermal heating: the greater the value of 𝜎𝑎𝑏𝑠 the greater the increase in localized temperature.61  

The shortcoming of Equations 24 and 25 is that they only describe the localized heating around a single 

nanoparticle. While this works well for a single nanoparticle system, it does not accurately describe what 

occurs for nanoparticle assemblies where more than one nanoparticle is optically excited 

simultaneously.54,74 In 2D arrays of nanoparticles there are two distinct photothermal regimes: a 

temperature confinement regime where temperature increase is observed only in the vicinity of individual 

particles and a temperature delocalization regime where the temperature increase is smooth across the 

whole surface of the array.54,74 Temperature delocalization occurs as a result of collective photothermal 

effects and leads to strong temperature increase many units larger than that predicted by Equation 25.54,74 

Baffou et al invented a dimensionless number, ξ , that predicts the extent to which collective 

photothermal will occur.54,74 According to Baffou et al  

ξ= 𝑝2/3𝑅𝐷         (Equation 26) 

where 𝑝 is the mean first-neighbour interparticle distance, 𝑅 is the radius of the nanoparticles, and 𝐷 is 

the characteristic size of the nanoparticle array under illumination. Collective effects become dominant 

when ξ <1 which can be achieved by decreasing the interparticle distance, increasing nanoparticle size, or 

increasing the size of the array under illumination.  

1.2.3 Effect of Composition, Size, and Shape on Thermoplasmonic Properties 
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There are several variables that need to be considered when it comes to selecting the most appropriate 

nanoparticle for thermoplasmonic applications.55 Depending on nature of the application of the 

thermoplasmonic material, different needs (thermal stability, biocompatibility, etc) need to be 

considered.54,55 Relevant to all applications of thermoplasmonics is the importance of selecting 

nanoparticles that maximize light-to-heat conversion.54 The easiest way to do this is to increase 

nanoparticle size, as for small nanoparticles (<60 nm) 𝜎𝑎𝑏𝑠 ∝ volume.54  Even for larger particles (>60 nm) 

increasing size leads to increase in temperature at constant wavelength, although beyond a certain size 

threshold not all of the volume of the particle contributes to the photothermal process.55,75,76 

To isolate the effect of shape and composition, the 𝜎𝑎𝑏𝑠 of small nanoparticles are normalized by their 

volume (𝑉) to create the Joule parameter, 𝐽𝑜 which is defined as76 

𝐽𝑜 =
𝜎𝑎𝑏𝑠𝜆𝑟𝑒𝑓

2𝜋𝑉
           (Equation 27) 

where 𝜆𝑟𝑒𝑓 is set arbitrarily to ≈1240 nm so that Jo is dimensionless. While other methods divide the 𝜎𝑎𝑏𝑠 

by the projected surface of the nanoparticle to obtain a dimensionless number that can be used for 

quantifying absorption efficiency, using 𝐽𝑜 has the advantage that it works for any nanoparticle geometry 

not solely spheres.76 The 𝐽𝑜 value calculated for various types of nanoparticle at different wavelengths 

can be seen in Figures 1.12 and 1.13 below.  
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Figure 1.12: Spectra of the Joule numbers for a large set of materials. Materials have been arranged in families: Plasmonic 

resonance out of the visible range  (left), in the visible range (middle), and the singular case of silver (right) where data have 

been plotted considering two distinct data sets (the optical constants of Johnson and Christy, and of Palik’s handbook). 

Adapted with permission from (76). Copyright American Chemical Society 2015 

 

Figure 1.13: Calculated Jo number plotted as a function of the resonance wavelength of ellipsoids made of various materials. 

Adapted with permission from (76). Copyright American Chemical Society 2015 
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As can be seen in Figures 1.12 and 1.13, the photothermal efficiency for Ag is orders of magnitude higher 

than other materials in the visible range. This high photothermal efficiency is what makes Ag one of the 

preferred plasmonic materials for photothermal experiments and an appropriate choice for this 

investigation.  

Figure 1.13 also illustrates how the shape of a nanoparticle also effect its thermoplasmonic properties. 

The more elongated a particle is, the more redshifted its LSPR wavelength is, and thus the longer 

wavelength of light required for thermoplasmonic heating.53,76,77 Because plasmon coupling leads to a red-

shift in the resonance wavelength, nanoparticle dimers and clusters that undergo plasmon coupling also 

require longer wavelengths of light to be thermoplasmonically excited.78,79  

1.2.4 Applications of Thermoplasmonics 

Since they were first used by Huttman and Birngruber in 1999 as a heat source to denature proteins 

plasmonic nanostructures as nanosources of heat have shown many promising applications in 

photothermal therapy, drug delivery, sterilization, imaging and microscopy, efficient radiation heating, 

printing and nanoscale patterning, light-harvesting, and biosensing.57,61,86,72,74,80–85 Nanomaterials are 

advantageous as sources of heat because their heating can be controlled remotely with high efficiency 

and spatial resolution and they can be easily designed for specific applications. Photothermal therapy that 

uses plasmonic nanoparticles to target cancer tissues is far less invasive than surgical resection, it does 

not produce any harmful photochemical reaction intermediates, and it requires very short laser pulse 

times.81,85,87,88 Photothermal imaging and spectroscopy exploit the nanoscale size and femtosecond 

heating of plasmonic nanoparticles to achieve very high spatial and temporal resolution.75,82,89 Arrays and 

solutions of plasmonic nanostructures increase the efficiency of energy absorption for larger systems.90 

Nanoscale printing can be accomplished by photothermally exciting plasmonic nanomaterials on polymer 

films with a controlled laser to embed a pattern.80,84 This study focuses on developing a method to achieve 
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a selective thermoplasmonic embedment pattern, the particulars of which will be explained in more detail 

in section 1.4.2.  

1.3 Synthesis of Silver Nanocubes 

A variety of methods and techniques can be used to synthesize silver nanoparticles including laser 

ablation, gamma irradiation, electron irradiation, chemical reduction, photochemical methods, 

microwave processing, and biological synthetic methods.5,19,91,92 Some of these techniques, such as laser 

ablation, use top-down synthesis (making nanoparticles from breaking down bulk material), but typically 

bottom-up (making nanoparticles from individual atoms) solution synthesis are the most common.91–93 

The first silver nanoparticles to be synthesized in solution were nanospheres, but over the past decade 

shape controlled synthesis techniques have developed significantly so that silver nanocrystals in a wide 

variety of geometric shapes can be easily made.5,19,94,95 Though solution based synthetic methods differ in 

the chemical reagents, procedures and technique used and the morphology of nanoparticles produced, 

they all share a common approach. Silver nanoparticle synthesis techniques typically involve a silver salt 

precursor (AgNO3 is the most common but others such as CF3COOAg are also used), a reducing agent, and 

a capping agent that helps stabilize the nanoparticles and may help direct their shape.19,91,92,96 Three 

common methods used to synthesize silver nanoparticle are the citrate reduction method, the sodium 

borohydride reduction method and the polyol method.19,91,94–97 

The citrate reduction method is one of the oldest techniques used to synthesize silver nanoparticles and 

it is still popular today.98–101 In this method sodium citrate is added to a boiling solution of AgNO3 and it 

acts as the reducing agent and the stabilizing agent.97 This method is popular because it is easy to perform 

and the reaction is simple. However, silver colloids produced by the citrate reduction method tend to have 

polydispersed size and shape, and thus are unsuited for complex plasmonic applications where specific 

control of shape and/or size is important.97  
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The sodium borohydride method involves adding a cold solution of NaBH4 to aqueous silver precursor to 

produce small spherical silver nanoparticles.102–108 This method is widely used because it is cheap, it only 

requires two reagents (a silver precursor and the NaBH4), it produces nanoparticles very quickly and the 

progression of the reaction can be easily monitored by change in colour of the solution.102–108 The method 

works well for experiments that require concentrated solutions of small silver nanoparticles but just like 

the citrate reduction method the size and the shape of the particles are not consistently uniform.109 

The polyol method involves heating a polyol (an organic compounds with many hydroxyl groups) with a 

salt precursor and a polymeric capping agent.94,95 In this method the polyol acts as both the solvent and 

the principle reducing agent. It is highly popular due to its versatility as it can be used to generate metal 

nanostructures of a variety of shapes and sizes.19,110 By varying reaction conditions such as reagent 

concentration, trace ion concentration, precursor injection rate, capping agents and solution 

temperature, the nucleation and growth processes can be controlled, and thus so can the shape and size 

of the resulting nanoparticles.19,91,110,111 The polyol method can be used to synthesize silver bipryamids, 

nanobars, polyhedrons, spheroids, triangular plates and nanowires, and it is the method of choice used 

to synthesize the AgNCs employed in these investigations.19,112 In this specific polyol method ethylene 

glycol (EG) is the polyol,  AgNO3 is the silver precursor, polyvinyl pyrrolidinone (PVP) is the capping agent, 

NaCl is an etchant and Na2S is a catalyst. The various steps in the reaction and their supporting theory are 

explained in detail in the following sections. 

1.3.1 Heating of Ethylene Glycol and Reduction of Silver 

The first step in the polyol synthesis of silver nanocubes is heating ethylene glycol to 160 °C.19,94,110,111 

Whenever EG is heated above 120 °C in the presence of O2 it will lead to the formation of glycoaldehyde 

(GA) via the oxidation reaction seen below 19,111,113 
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   Reaction 1 

Once glycoaldehyde is formed, it acts as the reducing agent for silver via reaction 2 

  Reaction 2 

The amount of metal precursor reduced depends directly on the concentration of GA.113 Because the 

amount of GA formed depends on the temperature of the reaction, the heating and temperature control 

of the EG solution play a big role in the success of the synthesis.19,113 Below 120 °C no GA will be formed, 

and while EG can itself act as a reducing agent for silver, leading to the production of some silver 

nanoparticles, this process is not nearly as efficient.113 Conversely, when the temperature of the reaction 

is too high, the reduction of silver can no longer be controlled to the same extent and nanoparticles with 

irregular shapes are produced.111,113 Spectroscopic studies of the GA reduction mechanism and evidence 

from experimental synthesis indicate that 160 °C is the optimal temperature for maximizing the reduction 

of silver nitrate by GA and  the yield of AgNCs.19,111,113 

1.3.2 Nucleation of Nanoparticles 

As the reduction of silver nitrate by GA progresses, the solution quickly become saturated with Ag0. 

However, even at the saturated concentration (𝐶𝑠) of Ag0 the formation of solid seed nuclei is too 

energetically costly.114,115 According to the LaMer model of colloidal nanocrystal formation, solid seed 

nuclei will only form once a minimum critical concentration (𝐶𝑚𝑖𝑛) of Ag0 is reached, at which point the 

energy change associated with decreased entropy becomes accessible by the system.114,115 Once the [Ag0] 

= 𝐶𝑚𝑖𝑛 stable nuclei are formed, and provided [Ag0]> 𝐶𝑠, nucleation and growth continue simultaneously. 

If [Ag0] drops below 𝐶𝑠, nucleation ceases and growth continues; however, usually this is not an issue as 
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there is sufficient GA and Ag+ ions in the solution to sustain a continued supply of Ag0. Figure 1.14 below 

summarizes the LaMer model outlining the progression of nanocrystal growth.  

 

Figure 1.14: Modified LaMer model describing the inclusion of an extra step for selecting nuclei with appropriated crystal 

structures. Adapted with permission from (114). Copyright Royal Chemistry Society 2013. 

As the silver nuclei clusters grow, fluctuations in their structure grow increasingly energetically costly 

causing them to stabilize in one of three dominant structures: single crystalline, singly twinned and 

multiply twinned.19,94,111,112 All three of these seed shapes co-exits in a typical silver nitrate/EG polyol 

synthesis, however, only the single crystalline seeds will lead to the formation of the desired nanocubes 

used in this study, as can be seen in Figure 1.15 below.19  
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Figure 1.15: Possible reaction paths in the polyol synthesis of Ag nanostructures. Initial nuclei formed after the reduction of 

Ag+ may fluctuate between different morphologies until growth to a critical size at which their morphology is locked into a 

single crystalline, singly twinned, or multiply twinned seed. The resultant respectively shaped seeds may grow into many 

different morphologies depending on choice of structure directing agent and presence of certain trace ions. Adapted with 

permission from (19). Copyright American Chemical Society 2011. 

There are two steps to controlling a polyol synthesis of Ag nanostructures to ensure it results in the 

formation of silver nanocubes. The first is to manipulate reaction conditions so that it is only the single 

crystalline seed morphology that is encouraged and the second is to use structure-directing agents to 

ensure that the desire crystal facet of the silver is stabilized. The former is accomplished by addition of 

trace ions for oxidative etching and/or kinetic control and the latter by selection of a specific capping 

agent.19,94,111,112  

1.3.2.1 Seed Selection Through Oxidative Etching 

Oxidative etching is a common method used to control the shape of noble metal nanocrystals. It was first 

discovered by Xia et al in 2004 who demonstrated that the presence of select trace ions resulted in 

significant changes to the crystallinity and morphology of silver nanoparticles synthesized using the EG 

polyol method.17,113,114,119-122 What Xia et al found was that by adding NaCl to their EG polyol reaction they 

were able to preferentially etch the twinned seeds, leaving only the single crystalline seeds.117 This in turn 
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led to the formation of only truncated nanocubes and tetrahedrons instead of the wide variety of shapes 

(wires, rods etc) typically produced by the EG polyol method.94,117 In the presence of O2 the Cl- ions from 

the NaCl form Cl-/O2 oxidative pairs which oxidize the zero valent Ag0 nuclei back to Ag+ ions, essentially 

dissolving the twinned seeds.118 If the introduction of the silver precursor is carefully controlled (such as 

in this experiment via the use of a syringe pump), the oxidative etching/dissolution process occurs at the 

same rate as the seed formation, limiting the morphology of seed available for growth.117–119 

 

Figure 1.16: Mechanism of seed selection through oxidative etching. Adapted with permission from (114). Copyright Royal 

Chemistry Society 2013. 

The reason why the twinned seed morphologies are etched and the single crystal seeds are not is because 

the former have an increased number of twin defects that result from structural strain.17,113,114,119-122 

Multiply twinned seeds have a decahedron structure that is composed of five single crystal tetrahedrons 

oriented radially about a central axis.19,112 In this orientation the five tetrahedrons each have an interior 

angle of 70.5° which leads to a 7.5° gap. To make up for this gap the lattice distorts, forming an unstable 

structure that has multiple twinned defects (hence the name “multiply twinned”). Singly twinned seeds, 

as one can infer from the name, have a structure that has one twinned defect. The decahedron structure 

of multiply twinned seeds and a TEM image of an example of a resulting structural defect can be seen in 

Figure 1.17. 
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Figure 1.17: a) Schematic drawing of the decahedron structure of multiple twinned seeds b) High resolution TEM of Ag 

multiple twinned seed showing c) distorted boundary region that results from structural strain. Adapted with permission 

from (112). Copyright Wiley-VCH 2009. 

Though Cl- ions are the most common ions used to influence the relative proportions of different Ag seeds 

for shape-directed growth of silver nanocubes, other ions can be used to achieve different shapes.19,112,120 

Br- ions can also combine with O2 to form an oxidative etching pair; however, because Br- is a less corrosive 

anion it is only capable of dissolving multiply twinned seeds.19,112 Instead of preferentially selecting single 

crystalline seeds by preferentially etching away the other seed morphologies, Br- will only preferentially 

etch multiply twinned seeds leading to an accumulation of single crystalline and singly twinned seeds. 

While this is unhelpful in the context of synthesizing AgNCs, preferential etching using Br- can be used to 

direct the synthesis of right bipyramids which are the dominate structure produced from singly twinned 

seeds.120 

1.3.2.2 Seed Selection Through Kinetic Control 

Another way in which to control seed selection for an EG polyol synthesis is by controlling the reaction 

kinetics.121–123 Just like oxidative etching, kinetic control can be achieved by the addition of trace ions to 

the reaction solution.19,111,121–123 Siekkinen et al discovered that adding trace amounts of sodium sulfide 

or sodium hydrosulfide (both sources of S2- ions) drastically reduced the reaction time of a classic AgNO3 

EG polyol synthesis.122 Experimental evident demonstrates that S2- reacts quite strongly with Ag, even in 
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very small trace amounts.122 In the case of AgNO3 polyol reactions, sulfur ions added to the solution react 

with Ag+  to produce Ag2S nanocrystallites. These Ag2S nanocrystallites speed up the reaction in two ways: 

they provide sites for further growth of the silver nanocrystal and they catalyze the reduction of Ag+.122 

Singly twinned and multiply twinned seed crystals grow more slowly than single crystalline seeds due to 

their structurally strained morphology. This means that when the speed of the reaction is increased due 

to the presence of S2-, single crystalline seeds are preferentially produced and AgNCs are the resulting 

final nanostructure.122  The seed selection through kinetic control is so effective that a high yield of AgNCs 

can be achieved even without the use of an oxidative etchant.122 The increased kinetics of the reaction 

also leads to a more uniform size distribution of particles.122  

One of the factors that influences the size of a nanoparticle is the duration of its growth stage: the longer 

a nanoparticle is allowed to grow following its nucleation, the bigger it will get. A large size distribution in 

a nanoparticle array can be the result of varying growth times that result from different points of 

nucleation. When the onset of nucleation is accelerated, more nucleation events occur simultaneously, 

meaning that a higher number of nanoparticles will have the same growth time and the same resulting 

size. 

1.3.2.3 Shape Controlled Growth Through Capping Agent Selection 

All nanoparticles require some type of surfactant or capping agent that will prevent them from 

aggregating. One of the most common capping agents used for nanoparticles is polyvinylpyrrolidone 

(PVP).124–126 PVP is a bulky polymer consisting of a pyrrolidone ring with an alkyl functional group.124,125 Its 

structure can be seen in Figure 1.18 below. 
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Figure 1.18: Structure of Polyvinylpyrrolidone. Dashed red line indicates the bond between the two constituent components. 

Adapted with permission from (124). Copyright American Chemical Society 2012. 

PVP prevents aggregation of nanoparticles due to the repulsive forces between its hydrophobic carbon 

chains. The longer the PVP chains the greater protection they provide to the nanoparticle core and the 

more stable the suspension of nanoparticless.125 PVP not only prevents aggregation of nanoparticles, but 

it also helps directs their growth by promoting or hindering growth on different crystal faces.125  

The face-centered cubic crystal structure of Ag has three different crystal facets: {100},{110} and {111}. 

Growth of an Ag crystal occurs when an incoming metal atom binds to one of its crystal facets and occurs 

primarily on the {100} and {111} facets. PVP binds most strongly to the {100} face of Ag due to the strong 

Van der Waal’s attraction forces between the ethane component of the PVP and the Ag and the direct 

binding of the oxygen atom.124 When PVP binds to the {100} facet  it passivates it, preventing the addition 

of additional metal atoms.94,125–127 The {111} facets on the other hand are uncovered and available for 

continuous growth. Incoming Ag nuclei form adatoms on the {111} that then migrate to the face edge. 

The migration of adatoms to the face edge elongates the {100} facets. Depending on the morphology of 

the seed crystal, this elongation results in different shapes. For multiply twinned crystals elongation of 

the {100} facets results in the formation of nanowires but for single crystalline shaped seeds (which are 

the seeds preferentially selected in this synthesis) elongation of the {100} facets results in the formation 

results in nanocubes with side length >25 nm.95 



38 

1.4 Polymer Thin films 

Polymers are macromolecules made up of repeating subunits. They are characterized as crystalline or 

amorphous depending on how ordered their molecular structure is.128 Crystalline polymers have distinct 

melting temperatures, but amorphous polymers have what is known as a glass transition temperature 

(Tg).129 Below Tg a bulk polymer will be brittle and behave similar to a glass, but above Tg the bulk polymer 

will behave like a rubbery or viscous fluid.129  

When the thickness of a polymer is confined to a thin film (100 nm or less) it will have a different Tg than 

it would in bulk.129–131 The model most commonly used to explain this is the three-layer model which 

divides polymer thin films into three distinct layers based on their proximity to the substrate and air 

respectively.129–131 At the top layer, located at the polymer-air interface, the polymer behaves in a mobile, 

liquid-like fashion.131,132 Because this layer has no bordering polymer, it will have lower mass density, 

making it easier for polymer rearrangement.132 The intermediate layer possesses bulk like properties; as 

the film thickness decreases so does the thickness of this layer.133 The bottom layer, located at the 

polymer-substrate interface, will have greater local density compared to the top and middle layers.133 This 

localized density depends on the attractive interactions between the polymer and substrate and will 

increase proportionally.133 

One polymer frequently used for thin films is polystyrene (PS), the structure of which can be seen in Figure 

1.19 below. Polystyrene is the polymer of choice used as the supporting thin film for the AgNCs in this 

study as it makes very smooth films, it has a good affinity for the AgNCs, and it has a relatively low Tg that 

is still above room temperature.134 
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Figure 1.19: Molecular structure of Polystyrene.135 

Bulk polystyrene has a Tg of ~ 100 °C but Tg values of polystyrene thin films ranging from 75-107 °C have 

been reported.132,133  The exact reason for discrepancies between experimentally measured Tg values of 

PS thin films and the Tg of bulk polystyrene are not confirmed, but studies suggest that the film thickness, 

thickness of the mobile surface layer and heat flow processes can all play a role in raising or lower the Tg 

of PS thin films.132,133  

1.4.1 Nanoparticle Polymer Thin-Film Composites 

The supported AgNC/polystyrene substrates used in this study are a nanocomposite material. Some 

common configurations of metal nanoparticle/polymer composites can be seen in Figure 1.20 below. 
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Figure 1.20: Several general configurations of metal nanoparticle polymer composites discussed in this review, including 

nanoparticles (I) immobilized on a thin polymeric film adsorbed or spin-coated on a substrate, (II) three-dimensionally 

distributed within a polymer gel matrix, (III) adsorbed on polymer brush grafted-to or -from the substrate, (IV) infiltrated 

within the brush, (V) decorated on polymer fibers electrospun on the substrate and (VI) decorated on free-standing polymer 

fibers. Reproduced with permission from (136). Copyright Elsevier 2016. 

Nanoparticle/polymer composites have numerous applications in catalysis, sensing, electronics, and 

energy harvesting and storage.136–138 The nanoparticle/polymer composites used in this study fall into the 

category of metal nanoparticles immobilized (or supported) on a thin polymeric film that has been spin-

coated on a substrate (Figure 1.20I). While this configuration is commonly used for field-enhanced 

spectroscopies, catalysis, and sensing, it also provides an avenue for the synthesis of other types of 

nanoparticle/composites in which nanoparticles are partially or fully embedded in a polymer film.139–141 

Integration of metal nanostructures into a conventional polymer matrix can dramatically increase the 

polymer’s mechanical strength, electrical and thermal conductivity, and impart unique optical or 

antibacterial character to select polymers.137–139,142–144 One way to synthesize these types of 
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nanocomposites is by embedding nanoparticles in to a polymer thin-film on which they have been 

deposited. 

1.4.2 Embedment of Nanoparticles in Polymer Thin-Films 

In order for a nanoparticle to embed in a polymer thin film two requirements need to be satisfied.139–141,145 

The first requirement is a kinetic requirement that dictates that nanoparticles on the surface of a polymer 

thin film will embed when the polymer is heated beyond its glass transition temperature.140,141 The second 

requirement is a surface energy requirement that can be modelled using the Helmholtz free energy of the 

polymer and the nanoparticle.37 

According to Kovacs and Vincent, the thermodynamic driving force behind embedment is a decrease in 

free energy.146 The Helmholtz surface free energy of a single rigid particle on a flexible polymer can be 

modelled by the equation 

∆𝐴𝑆 = 𝑎(𝛾𝑝𝑠 − 𝛾𝑝)     (Equation 28) 

where 𝑎 is the surface area of the particle, 𝛾𝑝 is the surface tension of the particle, 𝛾𝑝𝑠 is the interfacial 

surface tension between the particle and the polymer surface, and ∆𝐴𝑆 is the Helmholtz surface free 

energy.146 

Supposing that T>Tg, embedment will begin to occur if ∆𝐴𝑆 < 0, satisfying the equality 𝛾𝑝 > 𝛾𝑝𝑠. 
146 It is 

important to note that the inequality 𝛾𝑝 > 𝛾𝑝𝑠 only applies to the requirements that a particle needs to 

begin embedding. In order for the particle to become fully incorporated into the polymer surface, 𝛾𝑝 > 

𝛾𝑝𝑠 + 𝛾𝑠. 146 If 𝛾𝑝𝑠 + 𝛾𝑠 > 𝛾𝑝 > 𝛾𝑝𝑠 then only partial embedment of the cube will occur. 

The equations presented above apply to bare nanoparticles on a polymer surface. The AgNCs used in 

these investigations are capped with a layer of PVP meaning that the surface energy of the nanoparticle 

in the above equations (𝛾𝑝) should be substituted with the surface energy of PVP (𝛾𝑝𝑣𝑝). The surface 



42 

energy of PVP is ~ 43 mJ/m2 and the surface energy of polystyrene is 33 mJ/m2.147,148 Because the condition 

of 𝛾𝑝𝑣𝑝 > 𝛾𝑝𝑠 is satisfied, the capped particles will embed when the polystyrene is heated above its Tg. 

The reason why nanoparticles on the surface of a polymer can embed when the polymer is heated above 

Tg is because the polymer chains become increasingly mobile, to the extent where they will flow around 

the particle enabling embedment.139,141,145 The rate at which embedment occurs depends on the 

temperature at which the polymer film is heated. The higher the temperature the more mobile the 

polymer chains and hence the more quickly the particle will embed. 

Embedment of plasmonic nanoparticles into their supporting polymer thin film can be accomplished using 

two techniques: conventional heating or thermoplasmonic heating.84,139–141,145,149 Conventional heating 

methods involve placing the polymer nanoparticle composite on a heat source and heating the substrate 

to the glass transition temperature. Thermoplasmonic embedment involves using lasers set at appropriate 

wavelengths to excite plasmonic nanoparticles until they have reached the Tg of the polymer and begin 

to embed. While the conventional heating technique requires less costly and complex equipment and 

allows for the careful monitoring of embedment depth, it cannot be used for spatially resolved or selective 

embedment unless specifically designed polymer frameworks are used.139,141,145 Thermoplasmonic heating 

on the other hand can be performed with more localized precision and spatial resolution but typically 

requires sophisticated laser equipment.150 It is also more challenging to control and can result in substrate 

damage.84,149,150  The purpose of this investigation it to develop a thermoplasmonic embedment technique 

that can achieve spatial resolved embedding with simple equipment and minimal sample damage. 

1.5 Langmuir-Blodgett Method 

There are many different techniques which can be used to deposit nanoparticles on polymer thin films.136 

Block co-polymer templating, laser ablation, metal-assisted chemical etching, self-assembly, and chemical 

vapour deposition can all be used to synthesize nanoparticle/polymer thin film substrates, however, these 
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techniques can be time consuming and require costly equipment. The Langmuir Blodgett method in 

contrast is relatively efficient and requires less expensive equipment that is relatively easy to use. Though 

initially developed for depositing organic materials, Langmuir techniques have been very successful for 

depositing different shapes and sizes of nanostructure.151 

The Langmuir method involves filling a shallow trough (known as a Langmuir trough) with water and 

suspending nanoparticles on the surface of the water. An image of the NIMA Langmuir trough used in this 

experiment with deposited nanoparticles can be seen in Figure 1.21 below.  

 

Figure 1.21: Photo of NIMA Langmuir-Schaefer Trough with Components Labelled. 

Prior to being deposited on the water the nanoparticles are mixed with a volatile solvent and a lipid 

spacing molecule. The volatile solvent is chosen on the basis that it evaporates quickly following 

deposition and is not soluble in water (this is so that the nanoparticles are able to remain suspended on 

the water’s surface). In this investigation chloroform was used as the volatile solvent and DOPC (1,2-

dioleoyl-sn-glycero-3- phosphocholine) was used as the lipid spacing molecule. Typically, the reason why 

the nanoparticles are able to stay suspended on the water’s surface after being deposited dropwise are 
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because of their hydrophobic capping agent. The PVP capped AgNCs made in this study are able to stay 

suspended on the water’s surface due to the PVP’s long carbon chain.125 

How well spaced out the particles are on the surface depends on the amount of the spacing molecule 

used and the amount of the solution that is deposited. The more solution that is deposited the greater 

the density of the nanoparticles. Additional control over surface density can be accomplished by the 

moveable barrier which can open and close, decreasing and increasing surface density and pressure 

respectively.  

1.5.1 Measuring Surface Pressure 

The surface pressure of the trough is measured by the Wilhelmy plate (Figure 1.21) which is dipped in the 

surface of the trough. There are three forces acting on the Wilhelmy plate: gravity and surface tension 

which are acting on the plate in a downward direction, and buoyancy which is acting in an upwards 

direction.152 The total downward force experienced by the plate is the difference between the sum of the 

weight of the plate and the surface tension and the upwards force of water displaced by the plate.152 This 

is modelled by Equation 29 below 

𝐹 = [(𝜌𝑃𝑙𝑤𝑡)𝑔 + 2(𝑤 + 𝑡)(𝑆𝑇)𝑐𝑜𝑠𝜃] − (𝜌𝐿𝑑𝑤𝑡)𝑔   (Equation 29) 

where 𝑙, 𝑤, and 𝑡 are the length, width and height of the plate; 𝜌𝐿 and 𝜌𝑃 are the density of the liquid and 

the plate respectively; 𝑆𝑇 is the surface tension; 𝑔 is the acceleration of gravity; and θ is the contact angle 

of the plate and liquid.152 The first term represents gravity, the second surface tension and the third 

buoyancy. 

Zeroing the pressure before taking any isotherm measurements eliminates the first term from Equation 

29. The balance that the plate is attached to maintains the plate at a constant level through changes in 

surface tension, eliminating the third term in the equation leaving 
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𝐹 = 2(𝑤 + 𝑡)(𝑆𝑇)𝑐𝑜𝑠𝜃     (Equation 30) 

Because the plate and liquid contact angle is 0, and cos(0) is 1, the equation can be further simplified to 

𝐹 = 2(𝑤 + 𝑡)(𝑆𝑇)      (Equation 31) 

which can be rearranged to express surface tension in terms of force: 

𝑆𝑇 =
𝐹

2(𝑤+𝑡)
       (Equation 32) 

Force is measured in mN and the length and height of the plate are in meters, giving 𝑆𝑇 units of mN/m.152 

The surface pressure of the nanocube monolayer is the sum of the surface pressure (Psurf) and the surface 

tension of the liquid in the trough, which remains constant at -72.8 mN/m at STP conditions.152  

𝑆𝑇 + 𝑃𝑠𝑢𝑟𝑓 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡    (Equation 33) 

The surface tension and pressure are controlled by the amount of nanoparticles deposited on the trough 

and the moveable barrier (Figure 1.23). The greater the quantity of nanoparticles deposited on the trough, 

the lower the surface tension and the higher the surface pressure.152 As the barrier closes (moves in the 

direction towards the Wilhelmy plate) it compressed the monolayer, lowering the surface tension and 

increasing the surface pressure. Opening the barrier (moving it in the direction away from the Wilhelmy 

plate) increases the surface tension, decreasing the surface pressure. 

Prior to depositing the nanocubes on the trough it must be ensured that there are no contaminates on 

the surface of the trough that may compromise the cube monolayer. To measure the cleanliness of the 

trough a pressure-area isotherm is taken, which measures the surface tension of the trough across its 

area. Assuming there are no contaminates (molecules, dust particles etc.) on the trough the pressure-area 

isotherm should be 0 across most of the length of the trough. Once it is confirmed that the trough is clean 
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and the cubes are deposited, the process of transferring the monolayer from the trough to the desired 

substrate can begin. 

1.5.2 Transferring Monolayer to Substrate 

There are two different Langmuir deposition techniques that can be used to transfer the monolayer 

deposited on the trough to a substrate: Langmuir-Blodgett Deposition and Langmuir-Schaefer Deposition. 

In Langmuir-Blodgett (LB) deposition the substrate is immersed into the trough and lifted out vertically 

(Figure 1.23 left). In Langmuir-Schaefer (LS) deposition the substrate is dipped horizontally into the 

substrate along the water air interface (Figure 1.22 right). Langmuir-Blodgett is typically used for 

hydrophilic substrates while Langmuir-Schaefer is used for hydrophobic substrates. In this study the 

substrate of choice is a glass microscope slide with a PS thin film (hydrophobic), thus the Schaefer 

deposition technique is used. 

 

 

Figure 1.22: Blodgett deposition (left) and Schaefer deposition (right).Reproduced from (153). Copyright Elsevier 2006. 

1.6 Modelling of Plasmonic Systems 

Often when investigating the various properties of nanostructures it is necessary to conduct modelling 

simulations. Modelling simulations are based on computational calculations and provide valuable 
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information that is difficult to determine otherwise. Simulations can help researchers determine optimal 

parameters for experiments and they allow researchers to compare their own experimental data to data 

predicted by theory.154,155 The most common computational methods used in plasmonic nanomaterials 

research are finite-difference time domain (FDTD) method, finite-element method (FEM), and discrete 

dipole approximation (DDA). FDTD, FEW and DDA use Gans theory (an extension of Mie theory for select 

shapes of nanoparticles) or Mie theory to calculate optical and electronic properties of different shaped 

nanomaterials. This work uses the FDTD method which is explained below.  

1.6.1 Finite Difference Time Domain Modelling Method 

The FDTD method, invented in 1961 by Dr. Kane S Yee, uses the temporal and spatial derivatives of 

Maxwell’s equations to solve the various field vectors at discrete points in a cell that is located in a 

spatiotemporal grid.156–158 The form of Maxwell’s equations used in FDTD can be seen below  

𝜕�⃑⃑� 

𝜕𝑡
= ∇x �⃑⃑�                  (Equation 34) 

�⃑⃑� (𝜔) = 𝜀0𝜀𝑟(𝜔)�⃑� (𝜔)     (Equation 35) 

∇x �⃑� = −𝜇0
𝜕�⃑⃑� 

𝜕𝑡
     (Equation 36) 

where �⃑⃑�  is displacement, �⃑⃑�  is magnetic field,  �⃑�  is electric field, 𝜀0 is permittivity (an electric field’s ability 

to pass through a material), 𝜀𝑟(𝜔) is the complex dielectric function, 𝜇𝑜 is the permeability (measure of a 

magnetic field’s ability to pass through a material) and  ∇x is the curl operator which acts on a field.149 The 

values of �⃑⃑� , �⃑⃑�  and �⃑�   depend on the cartesian coordinates (x,y,z) of a point in space and the time.155,156 

FDTD solving software works by discretizing a simulation space using a 2D or 3D mesh grid and then solving 

the Maxwell equations in the subset spaces of the grid.155,156 For materials like metals, whose electronic 

and magnetic fields change quickly, fine mesh (0.5-1.0 nm) is required to ensure accuracy of computed 
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results. Unfortunately, the finer the mesh used in FDTD calculations the more computing power that is 

required. While commercially available FDTD softwares, such as the Lumerical program used in these 

studies, are capable of making FDTD calculations for very small assemblies of metal nanostructures using 

an average desktop computer, more powerful programs and computers are required to conduct 

simulations for larger nanoassemblies. 

To model the optical properties of nanostructures using FDTD software, different simulation objects are 

used to construct an approximation of the system of interest. These objects are usually selected from a 

library provided by the software and can be assigned different materials. An example of a simple system 

consisting of a dielectric film and a capped AgNC can be seen in Figure 1.23 below.  

 

 

Figure 1.23: Scheme of Basic Object Layout in FDTD Model. 

The software uses semi-empirical dielectric functions (a model of the dielectric functions fitted to 

experimental data) to predict how the system will interact with the chosen light sources. By varying shape, 

size, material, dielectric environment, and direction and type of incident light one can use FDTD 

simulations to determine how the optical and electronic properties of a nanostructure are affected by 
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different variables. While the example shown in the Figure 1.23 is simple, FDTD simulations can be used 

to model many different shapes of metal and semiconductor nanoparticles, as well as larger assemblies 

of nanostructures. In this work FDTD is used to model the absorption cross section and near-field electric 

field enhancement factor (EEF) of different sizes of individual AgNC and different sizes and shapes of AgNC 

clusters (AgClusters). 

1.6.2 Discrepancies Between Experimental Conditions and Modelled Conditions 

While numerical modelling is an excellent tool to use to determine various properties of different 

nanomaterials using theoretical calculations, there can be discrepancies between  experimental results 

and those calculated by computational programs.159–162 Typically discrepancies between experimental 

and computation methods can be attributed to the fact that properties such as size distribution, 

geometric parameters and dielectric functions of the actual materials used may not be identical to 

values inputted or estimated by the softwares.159–162 Another parameter than can differ considerably 

between computational and experimental systems is the type of light source used.163 

In these experiments the light source used to thermoplasmonically excite the AgNCs is a laser of 

unknown polarization. In the FDTD simulations conducted, the light source is polarized either 0° or 90°, 

along the x and y axis of the respectively (Figure 1.24 shows an example with an AgNC dimer). 
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Figure 1.24: Illustration of the axes of polarization for the 0° (blue arrow) and  90°(red arrow) light used in FDTD calculations. 

The yellow star in the centre of the two AgNCs represents the injection of the light along the z-axis. 

The angle of light polarization does not alter the calculated absorption spectra of individual isotropic 

nanoparticles, however, it does affected the absorption spectra of nanoparticle clusters and 

dimers.48,163,164 This is because the polarization determines whether the transverse or longitudinal 

coupling mode of the particles will be excited.79 Typically, the transverse coupling mode of a 

nanoparticle dimer (the mode oriented perpendicular to the dimer axis) is far less significant that its 

longitudinal counterpart (the mode oriented along the coupling axis). However, when the E-field 

component of light is oriented along the same axis as the transverse mode, as is the case with the 90° 

polarized light shown above, the coupling of the transverse mode becomes far more significant. This will 

not only alter the absorption properties but also the EFF of the cluster or dimer.79 An illustration of the 

longitudinal and coupling modes of an AgNC dimer on a PS thin film and the resulting direction of the E-

field can be seen below. 
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Figure 1.25: Schematic illustration of longitudinal (left) and transverse (right) coupling modes in an PVP capped AgNC dimer. 

The top image illustrates both coupling modes on the dimer simultaneously. 

Non-polarized light sources contain E-field components that are randomly polarized in all directions, and 

thus will excite both the transverse and longitudinal coupling modes in any AgNC dimers and clusters.165 

The laser used in these experiments is initially polarized in a certain direction out of the source, but as it 

passes through the optical fiber used to re-route it to the sample the polarization changes so the 

polarization of the laser that reaches the sample is unknown. To most accurately compare our 

experimental results with those calculated using modelling, the absorption spectra and EEF for all 

applicable structures were calculated using both 0° and 90° polarized light.  

1.7 Thesis Objective 

The objective of this work is to investigate if selective thermoplasmonic heat generation can be used to 

achieved selective embedment in arrays of supported silver nanocubes. Previous studies by the Ianoul 

group have documented thermoplasmonic heating in nanocrystal/polymer composite thin films and the 
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selective embedment of AgNCs using different polymer thin film scaffolds and conventional heating 

methods; however, methods for selective embedment using varied  thermoplasmonic excitation 

wavelengths have not yet been explored by our group.139,149 In this work, monolayers of silver nanocrystals 

containing randomly distributed silver nanocubes (AgNCs) and silver nanocube clusters (AgClusters) 

deposited on PS substrates were exposed to different wavelengths of lasers to determine if different 

wavelengths of laser could be used to selectively thermoplasmonically heat and embed the different 

structures. The hypotheses, based on thermoplasmonic and polymer thin film theory, is that the individual 

AgNCs should selectively embed at shorter wavelengths and the AgClusters should selectively embed at 

longer wavelengths. As the laser exposure time increases, the depth of embedment should also increase. 

If these experiments are successful it will be the first instance of selective thermoplasmonic heating of 

individual nanoparticle structures within an array. 

2 Experimental 

2.1 Materials and Experimental Overview 

2.1.1 Reagents and Equipment 

All reagents were purchased from Sigma-Aldrich (unless otherwise indicated) and used without 

further modification. Deionized water was obtained from a Milli-Q system ((18.2 MΩ cm, Millipore, 

Bedford, MA). Glass syringes, Luer-Lok syringe filters, small centrifuge tubes (1.5 mL and 2.0 mmL), 15 mL 

plastic test tubes, 1.5 dram screw cap vials, 20 mL scintillation vials, disposable pipette tips, stir bars and 

glassware were purchased from various lab equipment manufacturing companies. All glassware was 

cleaned with aqua regia (3:1 HCL and HNO3) and water (tap, distilled and MilliQ) prior to use. 

 

 

2.1.2 Instrumentation 
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UV-Vis analysis was performed with a Shimadzu UV-2450 UV-Vis spectrometer and the 

corresponding UV Probe 2.21 program. All centrifuging was performed using a Labnet PRISM 

microcentrifuge.  

Atomic force microscopy (AFM) characterization was performed using a Ntegra (NT-MDT 

Spectrum Instruments, Russia) AFM in semi-contact mode in air in room temperature. The AFM used 

silicon cantilevers probes with reflective gold coatings (kc of 0.35 – 6.1 N/m and a resonant frequency 

between 47 – 150 KHz, NSG03 model, NT-MDT Spectrum Instruments). The instrument operated using 

Nova Software (Nova RC1 version 1.0.26.1443) and all AFM image processing/analysis was conducted 

using the same software. 

2.2 Synthesis of Silver Nanocubes 

2.2.1 Synthesis of AgNC  

The AgNCs were synthesized based on a modified approach to a method developed by Skrabalak 

et al.166 The cubes were made by combining ~0.4 g of 55,000 MW polyvinylpyrrolidone (PVP) with 15 mL 

ethylene glycol anhydrous (EG) in a round bottom flask (with a PPTE coated stir bar) and heating the 

solution to 150 °C in a oil bath while stirring at 300 rpm. Once the solution had reached 150°C, it was left 

to stir at 300 rpm for one hour. While the PVP solution was stirring, the three other solutions were 

prepared. A 0.5 M NaCl solution was prepared by dissolving ~0.2808 g of NaCl (BioShop) in 10 mL EG in a 

glass scintillation vial and sonicating and vortexing until dissolved. A 3 mM Na2S solution was prepared by 

dissolving ~0.0023 g of Na2S (weighed out into a glass vial using a glass Pasteur pipette) in 10 mL EG. A 0.3 

M solution of AgNO3 was prepared by dissolving ~0.48 g of AgNO3 anhydrous in 10 mL EG. The vials 

containing both the Na2S and AgNO3 were covered in black electric tape as the reagents are 

photosensitive. When the PVP solution had been stirred for 1 hour at a steady temperature of 150 °C, 25 

μL of the NaCl solution was added followed by 175 μL of the Na2S solution (both were dispensed using 

automatic pipettes). After these additions, the solution was allowed to stir for one minute. Next 1.5 mL 
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of the AgNO₃ solution was added at a rate of 0.5 mL/min using a New Era automated syringe pump system. 

The reaction was continually monitored using a UV-Vis spectrometer by periodically taking small aliquots 

out of the reaction flask and dispersing in an ethanol-filled cuvette and taking the resulting UV-Vis 

spectrum. Once the spectrum indicated the presence of a peak at ~350 nm (after about 15 minutes), an 

additional 1.5 mL of the AgNO3 solution was added at approximately 1 mL/min. When a peak at ~460 nm 

became visible in the UV-Vis spectrum (after about 25 minutes), the reaction was removed from the heat 

and quenched in an ice bath. 

2.2.2 Cleaning and Storage of AgNC solution 

 To remove unreacted reagents from the reaction solution the AgNC solution had to undergo 

cleaning steps prior to being stored. The AgNC solution was diluted with an equal volume of ethanol 

(EtOH) and divided into multiple 2 mL centrifuge tubes. The tubes were centrifuged at 12,000 RPM for 30 

minutes. The supernatant was then decanted from the tubes, 1ml of fresh EtOH was added to each tube 

and the cubes were redistributed in the fresh solvent using a vortex and sonicator. The solution was then 

concentrated into fresh 2mL tubes and centrifuged again at 12,000 RPM this time for 10 minutes. The 

redistribution of the cubes and sonification was repeated three more times for a total of four times. Each 

time the cubes were redistributed in fresh solvent the volume of solvent added was decreased so that the 

total amount of centrifuge tubes required decreased by half until all of the AgNC in EtOH solutions had 

been concentrated into a single tube. This solution was stored in the fridge until further use. 

2.2.3 UV-Vis Characterization of AgNCs  

The first UV-Vis spectrum of the AgNC solution was taken immediately after synthesis and kept as 

reference. A UV-Vis spectrum was taken every 6-16 weeks to ensure that that the AgNC retained their 

desired shape and size distribution. EtOH was used as the baseline spectrum every time.  
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2.2.4 TEM Characterization of AgNC 

 The AgNCs were analyzed using a FEI Tecnai G2 TEM Transmission Electron Microscope (TEM). 

The TEM samples were prepared by drop casting the solution onto a Copper-Carbon TEM grid (Electron 

Microscopy Sciences) and leaving to dry overnight so that the EtOH would evaporate. Two rounds of TEM 

imaging were conducted: one immediately after initial synthesis and one four months later to ensure that 

the cubes had retained their uniformity.  

2.3 Synthesis of Polystyrene Substrates 

2.3.1 Cleaning of Slides 

 Prior to being spin-coated with polystyrene microscope slides (Globe Scientific Inc) were cleaned.  

First the microscope slides were immersed in piranha solution (~10:1 H2SO4 and H2O2) for 10-20 minutes. 

Following the piranha, the slides were thoroughly rinsed with water and cut into three approximately 

equal sized sections using a diamond tipped pen. The cut slides were then immersed in piranha for an 

additional 10-20 minutes before being rinsed with water. The slides were then left to sit in water before 

being sonicated in methanol and dried with nitrogen. To minimize risk of contamination, the slides were 

only sonicated in methanol and dried immediately before being spin-coated with polystyrene. 

2.3.2 Preparation of Polystyrene Solution 

 A 3% weight solution of polystyrene (PS) was made my stirring ~0.25 g of 250,000 g/mol PS (Acros 

Organics) in ~9.5 mL toluene (Anachemie) in a glass scintillation vial at room temperature until completely 

dissolved (2-3 hours). Once the PS had fully dissolved in the toluene, the solution was passed through a 

0.22 µm polytetrafluoroethylene (PTFE) filter into a clean glass vial using a glass syringe.  

2.3.3 Spin Coating the Glass Slides with Polystyrene 
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 The slides were fixed one-by-one to the stage of a homemade spin coater using double sided tape. 

The 3% PS solution was pipetted onto the slides until there was just enough of the solution to cover the 

surface of the slide. Once the surface of the slides was covered with the PS solution, the slides were spun 

at 4000 rpm for 30 seconds – 1 minute. They were then partially covered and left to dry at room 

temperature for 1 hour before being placed in an oven heated to 130°C overnight to anneal.  

2.3.4 Characterizing Surface Roughness and Film Thickness with AFM 

To analyze surface roughness several 512 x 512 point size images were taken of the PS films. Film 

thickness measurements were taken by scratching the surface of the slide with a clean razor blade and 

using the AFM and Nova Software to measure the depth of the scratch. 

2.4 Synthesis of Silver Nanocube Monolayers via Langmuir-Schaeffer Deposition 

2.4.1 Cleaning the Langmuir-Schaeffer Trough 

 First the Nima 311D Langmuir-Blodgett trough was cleaned using chloroform and surfactant-free 

Kimwipes. Next, the trough was filled with fresh MilliQ water and the water was removed with an 

aspirator. This process was repeated 2-3 times to remove impurities. Then a new Wilhelmy plate was 

added and the trough was filled with MilliQ water and left to stand for 20 minutes, before being emptied 

by the aspirator and refilled a final time. A pressure-area isotherm was conducted at a barrier speed of 30 

cm2/min to determine the cleanliness of the trough. If the isotherm revealed a pressure equal to or less 

than 0.1 mN/m, the trough was deemed clean enough to proceed with the deposition process. If not, the 

water-cleaning process was repeated until the desired pressure-area isotherm was achieved.  

2.4.2 Preparing the AgNC solution for Langmuir-Schaeffer Deposition 

 The UV-Vis spectrum of a 1000X dilution of the AgNC solution was taken and based on the 

absorbance of the spectrum for the 1000X dilution, a 2 mL solution of AgNCs which would give a 
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theoretical absorbance of 100-150 abs was prepared in EtOH. The AgNC solution was centrifuged at 

12,000 rpm for 10 minutes. The supernatant was then removed and the AgNCs were redispersed in 

chloroform and centrifuged at 10,000 rpm for 5-6 minutes. The chloroform supernatant was removed, 

the cubes were redispersed in 1.5 mL fresh chloroform, transferred to a fresh centrifuge tube and 

subsequently centrifuged for another 5-6 minutes at 10,000 rpm. This process was repeated twice for a 

total of three rinses in chloroform. After the third round, the cubes were redistributed in only 300 µL of 

chloroform and 10 µL of a 1 mg/mL solution of DOPC (Avanti Polar Lipids) in ethanol was added.  

2.4.3 Deposition of AgNC solution on Trough 

 Using a 500uL glass syringe (one specifically designated for AgNC deposition which had been 

rinsed thoroughly with chloroform) the cube and lipid solution was carefully deposited on the trough. This 

was done by holding the syringe a few millimeters from the surface of the water and dispensing the cube 

solution in a controlled drop wise manner so that it dispersed on the surface of the water. Once enough 

of the cube solution had been dispensed so that the surface of the trough was a homogenous dark yellow 

(see Figure 1.21), it was left for 20 minutes so that the chloroform could evaporate. After the 20 minutes, 

a series of expansion/closing isotherm cycles were conducted to anneal the monolayer.  

To deposit the AgNC monolayer onto the PS coated glass slides the slides were dipped or “tapped” 

horizontally onto the surface of the AgNC covered water and then dried under nitrogen. The trough’s 

surface pressure was adjusted so that different samples were prepared with varying monolayer densities. 

The AgNC monolayers were investigated with UV-Vis spectroscopy and AFM.  

2.5 Characterization of AgNC Monolayer 

2.5.1 UV-Vis of AgNC Monolayer Substrates 

 The UV-Vis spectrum of each of the AgNC coated glass slides was taken using a PS coated glass 

slide as the baseline. The spectra of the individual AgNC coated glass slides were examined to determine 
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whether there was a correlation between absorption and deposition pressure, as well as whether or not 

plasmon coupling had occurred. 

2.5.2 Characterization of Monolayer by Atomic Force Microscopy 

AFM was used to characterize the surface topography and particle density of the AgNC 

monolayers.   

2.6 Selective Embedment Laser Experiments 

2.6.1 Description of Optical System 

The excitation experiments were done with a continuous wave (CW) Ar/Kr laser (Coherent 70 series) 

through an inverted microscope (Olympus IX-71) with a 20X objective. The laser was set at varying power 

(mW), current (A) and wavelength for different experiments. Power was measured by a power meter 

located immediately before the focusing lens.  

2.6.2 Determining Embedment Threshold 

 The first laser-exposure experiments were conducted to determine the embedment threshold of 

the cubes. The wavelength of the laser was held constant and the current, power, and exposure time was 

varied. AFM images of the AgNC monolayers were taken before and after laser exposure to determine 

whether or not embedment had occurred. Any holes that resulted from these preliminary experiments 

were imaged using AFM so that the various sets of holes could be compared with each other.  

2.6.3 Investigating Selective Embedment  

To perform the selective embedment experiments various wavelengths (458 nm and 568 nm) and 

constant power (17 mW and 65 mW respectively) were used. The exposure time varied. The samples were 

imaged by AFM before and after laser exposure. Embedment was examined by comparing the AFM images 
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before and after laser exposure and using various features in the Nova software to measure the 

topographic height of select features before and after laser exposure.  

2.7 FDTD Simulations  

 Finite Difference Domain modelling was performed using a Lumerical Solutions Inc software 

program (Lumerical Solutions v8.15). A total-field scattered-field (TFSF) light source was used to calculate 

the absorption cross sections and E-field enhancement. The parameters used for the simulation settings 

had been previously verified using convergence testing. The simulation time was set to 100 fs and a 800 

nm cubic simulation space was used. The models consisted of silver nanocubes with edge lengths of either 

30 nm, 45 nm or 60 nm with 15% corner roundness and a 2 nm PVP capping layer, supported on a 150 nm 

thick PS film. The materials were described by an analytical model fitted to tabulated permittivity data of 

silver, polystyrene and PVP. A mesh override region extending at least 10 nm past each nanocube or 

structure with a 0.5 nm mesh size was used for all simulations. X-axis and y-axis symmetry boundary 

conditions (symmetric and antisymmetric) were used when applicable and adjusted depending on the 

angle of polarization. For the dimers and clusters the spectra were calculated at a light polarization angle 

of both 0 and 90 degrees. The absorption simulations they were conducted from 300 nm-900 nm with a 

total of 301 point collected. 

3 Results and Discussion 

3.1 Sample Preparation 

This section provides an overview of the procedures used for the preparation of the supported AgNC 

substrates. Because thermoplasmonic heating depends directly on the optical characteristics of the 

nanoparticles in question, high quality supported AgNC monolayer samples had to be prepared. With 

the exception of the nanocube synthesis, each of these procedures was performed multiple times during 

the course of this study to generate fresh samples as needed. Representative results of the PS thin film 
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synthesis and the deposition of the AgNCs on the PS thin films via Langmuir-Schaefer deposition are 

used to illustrate the techniques and analyses performed. 

3.1.1 Silver Nanocube Synthesis 

Extinction spectra of the AgNC solution were taken at different times during the polyol synthesis (Figure 

3.1). The spectrum taken 10 minutes into the synthesis had a sharp dipolar peak at 403 nm. As the 

reaction progressed, this peak red-shifted and broadened. At 15 minutes a quadrupolar peak at ~350 

nm appeared indicating that the particles were developing a more cubic shape. After 25 minutes the 

reaction was quenched as the dipolar and quadrupolar peaks had sufficiently red-shifted and a 

multipolar peak at 350 nm emerged, indicating the presence of AgNCs with edge length approximately 

30-60 nm.33,167 The final peak positions of the dipolar, quadrupolar and multipolar modes were 460 nm, 

388 nm, and 346 nm respectively. 

 

 

Figure 3.1: Extinction Spectra of AgNC in Solution at Different Growth Times. 
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Transmission electron microscopy (TEM) was used to determine the shape and size distribution of the 

AgNCs. A total of 9 TEM images similar to Figure 3.2B and C were used to confirm the size and shape of 

the cubes. Figure 3.2D is a histogram that indicates the size distribution of 162 cubes whose edge 

lengths were measured using the TEM software. The mean cube size was calculated to be 49 nm ± 9 nm, 

which is in keeping with the size estimated from the extinction spectra. Because the resulting 

nanocrystals had a well-defined geometry and reasonable size distribution (Figure 3.2), the colloidal 

synthesis was concluded to be successful. 

 

Figure 3.2: A) Large Scale TEM image of AgNCs B) Medium Scale TEM image of AgNCs C) Small Scale TEM image of AgNCs D) 

Histogram of AgNC Edge Length Measurements taken with TEM Software. 

One of the primary challenges faced in nanomaterial synthesis is the synthesis of nanomaterials that retain 

their stability over time.109,168 Because the AgNC produced in this initial synthesis were used for all 

subsequent experiments over the course of 15 months, it was important to determine that the suspension 
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remained stable and minimal Ostwald Ripening occurred. Ostwald ripening results in an increase in the 

average size of cubes, and thus would cause a red-shift in the dipolar mode in the extinction spectrum.169 

Figure 3.3 shows the extinction spectra of the AgNC solution taken 4 months and 1 year following the 

initial synthesis. Despite the passage of time, the three spectra are essentially identical, indicating that 

the size and shape of the AgNCs were unchanged over the course of storage.   

 

Figure 3.3: Extinction Spectra of initial AgNC solution immediately after synthesis  and after 4 months and 1 year of being 

stored. 

An additional round of TEM imaging was also conducted 4 months after the initial synthesis to evaluate if 

the shape and size of the AgNCs had held up over time. Sample TEM micrographs from this round of 

imaging and a histogram of the edge length of 162 cubes measured from the TEM images can been seen 

in Appendix 6.1 (Figure 6.1). The mean cube size was calculated to be 47 nm ± 10 nm, which is consistent 

with the mean cube size calculated using the initial set of TEM images. Though the average size of the 

cubes is consistent, there were cubes with edge lengths >70 nm after 4 months that were not present in 

the TEMs taken after the initial synthesis. Figures 6.1B and C also show small particles with significantly 

rounded edges. In nanocubes the highest energy atoms are those located at the vertices and along the 
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edges, thus an observed increase in the amount of rounder small nanocubes could be an indication of 

Ostwald ripening, especially considering the increase in the count of larger cubes.169–171 That being said, 

because the mean cube sizes from Figure 3.2D and Figure 6.1D are consistent and the extinction spectra 

of the AgNCs remained consistent over time, it can be concluded that the AgNC solution prepared was 

stable over the period in which these experiments were conducted.  

3.1.2 Preparation of Polystyrene Thin Film 

Glass slides were spin-coated with a 3% weight solution of PS. The resulting slides were characterized by 

AFM to determine the roughness and thickness of the PS thin films. A sample AFM image of a PS thin 

film can be seen in Figure 3.4A below. The film was scratched (Figure 3.4B) so that the thickness of the 

PS thin film could be measured (shown in Figure 6.2).  

 

Figure 3.4: AFM images of A) a PS thin film prepared with a 3% weight solution and B) a scratched PS thin film used for 

thickness measurements. 

The uniformity of the AgNC monolayer deposited on the PS partially depends on the roughness of the 

thin film. The PS films had a roughness of ~0.5 nm and a thickness of approximately 140 nm. These 
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values were consistent with roughness and thickness values of PS films synthesized with the spin coating 

method and thus deemed adequate supports for the AgNC monolayers.37,172  

3.1.3 Deposition of AgNC on to PS Thin Films via Langmuir Shaefer Deposition 

LS Deposition was used to deposit a monolayer of AgNCs on each of the PS coated glass substrates. 

Figure 3.5 is a 10 µm x 10 µm AFM image of an AgNC monolayer (right) and its corresponding extinction 

spectrum (left). As can be seen in the figure, a highly ordered single monolayer composed of similarly 

sized cubes was achieved. In the top left corner of the AFM in Figure 3.5 there is a small region in which 

there is no monolayer. That is likely a result of DOPC molecules that did not bind to the AgNC. While the 

DOPC is used as a “spacer” molecule to regulate the interparticle distance in the AgNC monolayer, 

excess hydrophobic DOPC molecules can interact with the hydrophobic tails of PS, adhering to the PS 

thin film and preventing the AgNCs from adhering to portions of the PS coated slide. Fortunately, 

because the hole is small, it did not interfere with the optical properties of the monolayer sample. The 

extinction spectra of the cubes showed a multipolar mode at 342 nm, a quadrupolar mode at 388 nm 

and a dipolar mode at 430 nm, indicating that the cubes retained their geometric integrity during the 

deposition.  



65 

 

Figure 3.5: Left: Extinction spectrum of AgNC deposited on PS thin film. Right: 10 µm x10 µm AFM image of the same 

deposited AgNC monolayer. 

Some of the AgNC monolayers synthesized had silver nanorods incorporated into the monolayer in 

addition to the AgNCs (Appendix 6.1, Figure 6.3). Ag nanorods are formed as a result of the growth of 

multiply twinned seed crystals in the presence of PVP.94 The presence of nanorods in the monolayers 

indicates that not all of the multiply twinned seed crystals were etched by the NaCl during synthesis. 

However, because these nanorods were not detected in the TEM images of the AgNC solution, not 

abundant in any of the monolayers, and did not affect the optical properties of the monolayers, they did 

not affect the quality of the produced samples.  

Based on the principles of LS deposition, an increase in deposition pressure should lead to an increase in 

monolayer density. While the pressure of the monolayers measured by the trough during LS are 

arbitrary (they vary based on the density of the monolayer deposited on the trough prior to zeroing the 

pressure sensor) there was an observable correlation between the deposition pressure and the density 

of the AgNCs deposited. Appendix 6.1.3 shows AFM images of five AgNC monolayers deposited at 

different pressure (Figure 6.4B-E) and their corresponding extinction spectra (Figure 6.4A).  As can be 

seen in the AFM images, the AgNC monolayers became increasingly densely packed as deposition 
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pressure increased from 0 mN/m to 4 mN/m. This increase in monolayer density was confirmed by a 

progressive increase in the intensity of the dipolar, quadrupolar and multipolar modes in the extinction 

spectra. These results are consistent with experimental trends observed in literature for the LS 

deposition of AgNC assemblies.49 

An additional phenomenon observed in some AgNC monolayers deposited at high pressures was 

interparticle coupling. Figure 6.5 in the Appendix depicts the AFMs of monolayers deposited at 2 mN/m, 

4 mN/m, 6 mN/m and 8 mN/m along with their extinction spectra. The monolayers deposited at 2, 4 and 

6mN/m follow the trend of increased extinction spectra intensity with increased monolayer deposition 

density, but the monolayer deposited at 8 mN/m does not. This is because the extinction spectrum of 

the 8mN/m sample has a fourth broad peak at ∼580 nm which diminishes the relative intensity of 

dipolar, quadrupolar and multipolar modes. Based on LSPR theory and results from previous studies of 

LS deposited monolayers of AgNCs, the extinction spectra suggest interparticle coupling which occurs in 

a monolayer due to decreased interparticle distance and/or increased cluster formation.39,49 This was 

confirmed by the AFMs of the monolayers in question which illustrate an increased number of particle 

clusters in the sample deposited at 8mN/m compared to the monolayers deposited at lower pressures 

(Figure 6.5E).  

3.2 Determination of Laser conditions for Selective Thermoplasmonic 

Embedment  

Previous work by the Ianoul lab had demonstrated that the thermoplasmonic patterning of AgNC/PS 

composites can result in three different states following exposure: partial embedment of the nanocubes 

with little to no morphological change in the monolayer; full embedment of a portion of the cubes and 

partial surface deformation of the polymer film; and complete ablation of the polymer film.149 Because 

the goal of this project was to investigate selective thermoplasmonic embedment with little to no 
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damage of the underlying PS, pilot experiments needed to be conducted to determine the conditions 

that would result in the first state.  

3.2.1 Laser Conditions Required for Selective Thermoplasmonic Embedment of 

Individual Nanocubes with 458 nm Laser 

For thermoplasmonic heating of individual nanoparticles a laser wavelength that corresponds to the 

frequency of the peak in the extinction spectrum of the particles is typically used to achieve maximum 

localized heating.55,61,74,76 Experimental UV-Vis spectra of the AgNCs in solution showed a strongly 

resolved dipolar mode at ~460 nm. Because of this, and the fact that 458 nm light has been shown to 

successfully thermoplasmonically pattern AgNC monolayers, 458 nm light was selected to preferentially 

excite individual nanocubes over their clustered counterparts.149 

The 458 nm laser was first set at 40 mW. Ablation (decomposition and displacement) of the film 

occurred at 40 mW after only 15 seconds, and partial deformation of the film occurred at 40 mW after 

only 5 seconds (Figure 6.6A and B). Even after the power was lowered to 23 mW complete embedment 

of the particles still occurred even at short exposure times (Figure 6.6C and D). Conversely, 13 mW was 

insufficient power for embedment to occur even after 5 minutes of exposure. The first signs of partial 

embedment occurred at 17 mW with a 5 minute exposure time (Figure 6.7). Subsequent tests revealed 

exposure time at that power could be reduced to 3 minute and still achieve partial embedment (Figure 

6.7). As can be seen in Figure 6.7, the trials conducted at 17 mW not only cause embedment with 

minimal damage to the PS film, but also cause selective embedment of the individual cubes over 

clusters. Consequently, the wavelength of 458 nm and a power of 17 mW were deemed promising 

parameters to use for selective embedment of individual cubes.  

3.2.2 Laser Conditions Required for Selective Thermoplasmonic Embedment of 

Nanocube Clusters 
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Thermoplasmonic heating of nanoparticle clusters experiments are far less common than those of 

individual nanoparticles or nanoparticle arrays. Experiments that do investigate thermoplasmonic 

heating of nanoparticle clusters often use an excitation wavelength that corresponds to the dipolar 

coupling peak of the cluster in question.72,79 Experimental UV-Vis spectra of AgNC monolayer samples 

that contained lots of nanocube clusters consistently exhibited a coupling peak at ~580 nm (Figure 6.5). 

This was in-keeping with the calculated extinction spectra of AgNC dimers with interparticle spacing of 

≤4 nm reported by Hooshmand and El Sayed (Figure 1.8) which showed a dipolar peak between 550-600 

nm.39 Based on these results, a wavelength of 568 nm was selected for the intention of selectively 

thermoplasmonically embedding the AgClusters. 

Previously conducted thermoplasmonic patterning experiments suggested that a laser power between 

70-75 mW would be ideal for partial embedment of the AgClusters.149 However, since the power 

required to partially embed cubes differs depending on the optical density of the individual monolayer, 

the 568 nm laser was first set at a conservative power of 50 mW. After there was no pattern observed 

on the monolayer after 7 minutes of cumulative exposure (Figure 6.8), the power was increased to 65 

mW. Partial embedment of the monolayer features without damage to the PS film was observed at 65 

mW after exposure times of 2 minutes, 1 minute, and 20 seconds (Figure 6.9). Closer examination of the 

patterned area suggested that selective embedment of the AgClusters may have occurred (Figure 6.9D, 

E and F). Thus, it was concluded that 568 nm, 65 mW and exposure times between 20 seconds and 2 

minutes were promising conditions for the selective embedment experiments of the AgClusters. 

3.3 Selective Embedment of Individual Silver Nanocubes at 458 nm 

To accomplish selective embedment of individual AgNCs a monolayer containing dimers, trimers, 

tetramers and clusters of five or more cubes was exposed to a CW laser focused by an achromatic lens 

at 17 mW and 458 nm for various intervals. Topographical measurements of the monolayer were made 
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before the initial laser exposure and following each exposure interval using AFM. A total of 10 images 

was collected: one taken prior to laser exposure and one each after 30s, 60s, 90s, 130s, 160s, 200s, 

220s, 250s, 370s and 610s (time measurements are cumulative). Figure 3.6 shows a selection of the 

AFMs of the AgNC monolayer taken after the different laser exposures (the full series of images can be 

seen in Figures 6.10-6.20). 

 

Figure 3.6: 10 µm x 10 µm AFM images of AgNC monolayer after 30s, 90s, 160s (going left to right across the top row); 220s, 

250s and 370s (going left to right across bottom row) of exposure to 458 nm laser at 17 mW. An AFM images of the surface 

prior to laser exposure can be seen in Figure 6.10. 

The expectation of these experiments was at the shorter wavelength of 458 nm the individual AgNCs 

could selectively embed over the AgClusters, resulting in a monolayer which consisted of embedded 

cubes and non embedded clusters. Embedment of the various nanocrystals into the film would be 
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determined by a change in surface feature topography as determined by the AFM images. Because the 

extent of thermoplasmonic heating of nanoparticles depends on their laser exposure time, it was also 

expected that the embedment depth of the individual cubes would increase with laser exposure.55  

As can be seen in Figure 6.12, several small dark dots appear on the AFM monolayer following the initial 

30s of laser exposure. The number of dark dots in the film increases with laser exposure (Figures 3.7 and 

6.11-6.20). In the context of this type of experiment, formation of these spots in the AgNC monolayer 

mean one of two things: the laser has made a whole in the thin film or monolayer, or, a nanocrystal 

features has completely embedded in to the PS film. The size and shape of the holes formed suggest 

that the holes occurred as a result of individual cubes embedding. Looking at the series of images in 

Figures 6.11-6.20 one can observe that not only is there a progression in the number of holes formed 

over time, but also that the position of these holes corresponds directly to the position of individual 

AgNCs within the monolayer. This indicates that individual AgNCs in the monolayer embedded over the 

course of laser exposure. 

The thermoplasmonic embedment occurred in a circular pattern (Figure 6.21) consistent to that formed 

by this laser system in previous experiments. Just as in the preliminary laser experiments conducted in 

this investigation, the quickest and most pronounced embedment occurred in the centre of the circular 

region (Figures 6.11-6.20). To better examine the trend in the extent and rate of embedment of the 

cubes at different locations, different regions of the monolayer were closely examined: one right in the 

centre of the circular pattern (Figure 6.22 Region I), one approximately 1.3 µm out from the centre of 

the circular pattern (Figure 6.22 Region II) and one approximately 5.5µm out in the top right hand corner 

(Figure 6.22 Region III).  

In Region I two cubes appear to have completely embedded and about five are partially embedded after 

only the first 30s of laser exposure (Figure 6.23A). Complete embedment of one cube and partial 
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embedment of a couple of cubes is also observed in Region II after the 30s exposure (Figure 6.24A). No 

embedment is observed in Region III until 60s of exposure (Figure 6.25A and B). Similarly, the number of 

cubes that are completely and partially embedded in Regions I and II increases much more rapidly than 

in Region III. Of the cubes in Region III that are embedded, most of them are located in the bottom left 

corner of the region which is the closest to the centre of the patterned region (Figure 6.25). After the 

610s of exposure essentially all of the nanocrystal features (individual cubes and AgClusters) in Regions I 

and II are embedded while most of the AgClusters in Region III are not. The discrepancy in embedment 

based on location of the cubes in the monolayer can be attributed to the fact that the power is most 

concentrated in the centre of the laser beam, and hence in the center of the pattern made by the laser 

on the film. Equations 24 and 25 in Section 1.2.2 tells us that the photothermal temperature increase 

exhibited by an individual nanoparticle is proportional to the power absorbed by that particle (P ), which 

is equal to the product of the irradiance (I ) and the absorption cross section (σabs). For these 

experiments, the irradiance experienced by the AgNCs in the monolayer is a function of how far away 

the particles are from the centre of the focused beam of the laser.149 Comparing Regions I, II and III it 

appears that at 458 nm and 17 mW a distance of  1.3 µm out from the centre is not significant enough 

to dramatically affect the embedment rate but a distance of 5.5 µm is.  

Before becoming completely embedded (indicated by dark spots in the AFMs), many of the cubes 

appear to go through one or more partial embedment phases (indicated by the presence of darker 

orange spots in the AFMs). The gradual embedment process can be attributed to the fact that only a 

certain ∆T is achieved after each interval of illumination.55,61 After an initial interval of laser exposure the 

AgNCs may generate sufficient heat to temporarily heat their surrounding PS to T>Tg but not generate 

sufficient heat to completely melt through the PS and completely embed in the film. With each 

subsequent laser exposure, the AgNCs will heat again and sink a bit further. The growth of the dark 

holes in the film after 370s and 610s suggest that even after completely embedding in the PS the AgNCs 
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continue to heat, causing them to continue to sink deeper in the film. The occurrence of a partial 

embedment phase and the continual embedment of the AgNCs even past their full embedment into the 

PS confirm our hypothesis that the extent of embedment is correlated to the laser exposure time. 

Although the embedment process is gradual, it does not occur at an equivalent rate for all cubes. In each 

of the three regions investigated, even in places in the film where the cubes are equally close to the 

centre of the laser beam (Regions I and II), some AgNCs begin to embed before others. This suggests 

that the ∆T and onset of heating exhibited by the cubes is not consistent. One explanation for this is that 

the cubes are not all identical size and geometries, and thus will have slightly different absorption cross 

sections and light to heat conversion efficiencies.72,76,79  

What distinguished these results from previous thermoplasmonic patterning of AgNC/PS composites is 

the selective embedment acheived.149 Despite the significant embedment of individual AgNCs after the 

four initial intervals of laser exposure, small AgClusters (dimers) only begin to embed after 90s of 

exposure (Figure 6.13) and larger AgClusters (≥  3 cubes) only begin to embed after 220s (Figure 6.18) 

There is no observable complete embedment of small clusters until 130s (Figure 6.14) and no complete 

embedment of larger clusters until 250s of laser exposure (Figure 6.19). Thermoplasmonic heating is a 

rapidly occurring process; if the AgClusters had been plasmonically excited by the 458 nm light they 

would have a rapid onset of embedment. Seeing as the AgClusters did not exhibit any sign of significant 

in the earliest intervals of laser exposure whereas the individual AgNCs did, it can be concluded that the 

AgClusters were not plasmonically excited by the 458 nm light. The fact that the AgClusters did 

eventually exhibit embedment can likely be attributed to collective heating effects contributed by the 

individual AgNCs and/or the cumulative effect of sustained laser exposure.74 Because the onset of 

embedment of the individual AgNCs and the AgClusters was temporally resolved, and the embedment 

of the individual AgNC occurred to such a significant extent, it can be concluded that these experiments 

were successful in achieving selective embedment of individual AgNCs. 
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As discussed in section 1.1.6, the shape of a nanostructure is pivotal in determining which wavelengths 

of light the structure will absorb, and hence which wavelengths of light will be able to heat the 

structure.55 The fact that the AgClusters did not embed to the same extent as the individual AgNCs at 

458 nm suggests that the AgClusters have an entirely unique plasmonic profile from the individual 

AgNCs. If the individual AgNCs in the AgCluster were still able to absorb 458 nm light efficiently there 

would have been observable embedment of the AgClusters following one of the earliest intervals of 

laser exposure. Because there was not, it suggests that the AgNCs do not retain their individual 

plasmonic properties once in the cluster 

3.4 Selective Embedment of Silver Nanocubes Clusters at 568 nm 

To perform selective embedment of the AgClusters a monolayer containing dimers, trimers, tetramers 

and clusters of 5 or more cubes was exposed to a CW laser focused by an achromatic lens at 568 nm and 

65 mW for various intervals. A set of 6 AFM images was collected: one before laser exposure and one 

each after 30s, 60s, 90s, 120s and 180s of exposure (time measurements are cumulative). AFM images 

of the monolayer before the initial laser exposure and following each exposure can be seen below in 

Figure 3.7. 
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Figure 3.7: 10 µm x 10 µm AFM images of AgNC monolayer before exposure to 568 nm laser at 65 mW, after 30s, 60s (going 

left to right across top row), 90s, 120s and 180s (going left to right across bottom row).  

The expectation of these experiments was that the AgClusters would embed and the individual AgNCs 

would not, resulting in a monolayer which consisted of embedded clusters and cubes that retained their 

height. It was also expected that the embedment depth of the clusters would increases with laser 

exposure.  

Unlike in the selective embedment experiments performed at 458 nm, the 10 µm x 10 µm AFM images 

in Figure 3.7 did not yield conclusive evidence of uniform selective embedment. While there was visible 

embedment of the monolayer features following laser exposure, the selectivity of the embedment 

seemed to depend much more on how close the monolayer region was to the centre of the laser beam. 

In regions of the monolayer on perimeter of the patterned area (such as the top right corner of the 

AFMs in Figure 3.7) there was observable selective embedment of clusters. The individual cubes near 
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the perimeter of the patterned area retained their topography through all of the cycles of laser exposure 

whereas the clusters appeared to partially embed after just the initial 30s of laser exposure (Figure 3.7). 

In the regions of the monolayer nearer to the centre of the patterned region, both individual AgNCs and 

AgClusters exhibited partial embedment, seemingly to the same degree. Even when different regions 

inside the patterned area were examined more closely (Figures 6.26-6.29), it was impossible to 

distinguish if there was any difference in the extent of embedment that had occurred for the different 

structures purely by the AFM images. Because it was impossible to determine purely by visual inspection 

of the AFM images if there was any difference in the embedment depth of the individual AgNCs and the 

AgClusters, more quantitative analysis need to be performed. 

3.4.1 Measurement of Height Change Selective Embedment of Cluster Experiments 

To determine if selective embedment of the AgClusters had occurred at 568 nm, measurements of the 

topographical height change of different AgNCs (individual and in AgClusters) were made using the 

NOVA AFM software. It is important to note that this technique did not measure the embedment depth 

specifically but instead measured the height change (∆h) over time which serves as a reasonable 

approximation of the embedment. The expectations were that even in the regions of the sample where 

both solo AgNCs and AgClusters were partially embedded by the laser, the AgClusters would have 

exhibited more embedment. The height change of different sizes of AgNCs (both individually and in 

AgClusters) was also investigated with the expectation that the different sizes of cubes would display 

different height changes.  

Ideally, in the AFMs of the AgNC monolayers, the surface of the PS would register as 0 on the z-axis so 

that any measurement of the height of the different cubes would be a legitimate reflection of the cube’s 

actual height. Unfortunately, in all of the AFMs collected there was a considerable background height 

signal. To combat this, various cross sections were used to measure the height signal of the PS film at 
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different locations of the monolayer (Figures 6.30-6.32). These values were then averaged to obtain an 

average background height signal for each image (Tables 6.1-6.3), which was subtracted from the raw 

height measurements that were taken. This process made the heights of the AgNC features measured 

prior to embedment more accurate and helped correct for discrepancies in the scale between the 

different images. 

To compare the difference in height change (∆h) exhibited by individual AgNCs and the cubes in 

AgClusters following laser excitation, the average height changes for the cubes before and after 30s of 

laser exposure (∆h0-30s) and before and after the total 180s of laser exposure (∆h0-180s ) were calculated. 

The motivation for comparing ∆h0-30s was that most of the embedment of the features in the monolayer 

appeared to have occurred after the initial 30s of laser exposure.  An additional motivation for 

measuring ∆h0-30s was that it is the most reflective measurement of the photothermal ∆T of the different 

particles and clusters in air. The motivation for measuring ∆h0-180s was that comparing it with ∆h0-30s 

provided insight into the height change exhibited by particles once they are partially embedded in 

polystyrene and helped determine whether the hypothesis about increased embedment with increased 

laser exposure was correct.  

The three different regions of the patterned area that were initially selected for closer analysis of 

embedment (Figure 6.26 Regions A, B and C) were selected as the areas in which the height 

measurements of the cubes would be made. These regions were selected on the basis that they were in 

the patterned area of interest, they contained a variety of AgClusters and individual cubes of various 

sizes, and they were present in all of the AFM images taken after the laser exposures (the exact 10 µm x 

10 µm area imaged in each of the AFMs varied due to frame shift). The exact cubes measured in Regions 

A, B and C and their classification (size and type of AgCluster they are in) can be seen in Figures 6.33-

6.35. The height of all of the cubes outlined in Figures 6.33-6.35 was measured before laser exposure 

and after each progressive laser exposure for a total of six height measurements per cube. The full list of 
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these measurements can be seen in Tables 6.4-6.9. For sake of brevity, only the values of ∆h0-30s and ∆h0-

180s are reported in this section in Tables 3.1-3.4 below. The standard deviation on some of the ∆h values 

reported in Tables 3.1-3.4 is rather large; however, that can be attributed to the number of cubes whose 

heights were measured and the significant variance in the height change exhibited by the cubes whose 

heights were measured (even those in the same cluster). The purpose of these experiments was to 

compare the general embedment behaviour of individual AgNCs to the general embedment behaviour 

of cubes in AgClusters; hence, it was the most logical to compare the average ∆h of the two different 

types of particles, instead of looking at the height change on a per-cube basis. While this approach does 

result in comparing values with large standard deviation, inspection of the individual height 

measurements in Tables 6.4-6.9 confirm that conclusions draw from the values in Tables 3.1-3.4 are 

substantiated by the overall trends in the raw data. 

Table 3.1: Average Change in Height After Initial 30s Laser Exposure (∆h0-30s) and after Total 3 min of 
Exposure (∆h0-180s)  for Cubes in Region A 

Type of Cube ∆h0-30s (nm) ∆h0-180s (nm) 

Individual 25.0 ± 5.1 24.8 ± 4.8 

In Cluster 35.0 ± 3.2 42.0 ± 4.3 

 

Table 3.2: Average Change in Height After Initial 30s Laser Exposure (∆h0-30s) and after Total 3 min of 
Exposure (∆h0-180s) for Cubes in Region B 

Type of Cube ∆h0-30s (nm) ∆h0-180s (nm) 

Individual 39.3 ± 3.3 43.7 ± 4.2 

In Cluster 45.9 ± 6.1 49.5 ± 5.7 

 

Table 3.3: Average Change in Height After Initial 30s Laser Exposure (∆h0-30s) and after Total 3 min of 
Exposure (∆h0-180s)  for Different Sized Cubes in Region C 

Size Type of Cube ∆h0-30s (nm) ∆h0-180s (nm) 

Small 
Individual 33.8 ± 2.6 33.3 ± 1.7 

In Dimer 37.4 ± 2.6 36.4 ± 3.0 

Medium 
Individual 39.0 ± 4.6 39.0 ± 3.8 

In Dimer/Trimer 42.2 ± 6.7 41.1 ± 6.3 
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Large 
Individual 36.2 ± 4.5 38.6 ± 6.0 

In Trimer 41.6 ± 10.0 44.6 ± 9.50 

 

Table 3.4: Average Change in Height After Initial 30s Laser Exposure (∆h0-30s) and after Total  3min of 
Exposure (∆h0-180s) of Cubes Large Cluster in Region C 

Which Cluster ∆h0-30s (nm) ∆h0-180s (nm) 

Large Cluster I 39.9 ± 7.9 43.4 ± 9.2 

Large Cluster II 43.2 ± 6.1 45.1 ± 6.3 

 

In all of the regions of the monolayer investigated the cubes in the AgClusters exhibited greater ∆h0-30s 

and ∆h0-180s than the individual AgNCs. In Region A the cubes in AgClusters showed an average ∆h0-30s 

that was 10 nm greater than their solo AgNCs counterparts and an average ∆h0-180s that was over 17 nm 

more than the ∆h0-3min measured for the individual cubes. While the difference between the ∆h0-30s and 

∆h0-180s of the cubes in AgClusters and the cubes not in clusters was not as significant in Region B, the 

cubes in AgClusters still exhibited a 6.6 nm greater ∆h0-30s and a 5.8 nm greater ∆h0-180s than their solo 

counterparts. The reason why both types of cubes in Region A exhibited greater embedment than in 

Region B is likely due to the fact that Region A is more in the centre of the patterned area and hence 

would experience greater irradiance from the 568 nm light leading to increased photothermal heating. 

Regardless of the discrepancy in the magnitude of height change in the two regions, both average height 

changes measured in the first two region support the hypotheses that AgClusters will be preferentially 

embedded at 568 nm and that embedment depth increases with laser exposure (i.e ∆h0-180s > h0-30s). 

In Region C, all sizes of cubes underwent a greater change in height following laser exposure when they 

were in AgClusters as suppose to stand alone features (Table 3.3). Small cubes in clusters had ∆h0-30s and 

∆h0-180s values that were 3.6 nm and 3.1 nm greater than the respective values of ∆h0-30s and ∆h0-180s for 

individual cubes; medium sized cubes in AgClusters had ∆h0-30s and ∆h0-180s  values that were 3.2 nm  and 

2.1 nm higher than the respective values of ∆h0-30s and ∆h0-180s for individual cubes; and large cubes in 
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AgClusters had ∆h0-30s and ∆h0-180s values that were 5.4 nm and 6.0 nm greater than the respective values 

of ∆h0-30s and ∆h0-180s for individual cubes. While the values of h0-30s and ∆h0-180s for the cubes in Region C 

confirm the hypothesis that longer laser exposure results in greater height change, they do not follow 

the trend predicted by theory in terms of thermoplasmonic heating increase with size. 

Previous experimental studies and theoretical simulations have determined that the amount of 

thermoplasmonically generated heat is strongly dependent on nanoparticle size, where an increase in 

size should lead to increased heating.54,55,75 Based on this, the large cubes (both individual and in 

AgClusters) should have exhibited the greatest values of h0-30s and ∆h0-180s. In Table 3.3 one can see that 

it is actually the medium cubes (both individual and in AgClusters) that exhibited the greatest h0-30s and 

the individual medium cubes that exhibited the greatest ∆h0-180s. Some of the factors regarding why 

larger AgNC features may have exhibited less embedment are discussed in detail Section 3.6 but an 

important factor to note is that the sample size of large and medium cubes measured varied 

significantly. Figure 6.35 shows that a total of 9 large cubes were measured (3 of which were in an 

AgCluster) whereas a total of 22 medium cubes were measured. To more accurately compare the effects 

that size has on thermoplasmonic heating an equal number of cubes of each size would need to be 

examined.  

The reason why the two larger clusters in Region C in Table 3.4 were measured independently from the 

other cubes measured in Region C is because they contained several cubes of each size. The purpose of 

measuring the height change of the two large AgClusters was to determine if even much larger clusters 

(five or more cubes) would be thermoplasmonically heated at 568 nm, as that wavelength was selected 

on the basis that it corresponded to the extinction maximum of smaller AgNC clusters, particularly 

dimers. As can be seen in Table 3.4, both large AgClusters exhibited considerable height change after 

the initial and total laser exposure. Large cluster II had the largest ∆h0-30s and the largest ∆h0-180s 

measured in Region C and large cluster I had ∆h0-30s and ∆h0-180s consistent with those of cubes in other 
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AgClusters. Most importantly, the cubes in both large AgClusters exhibited greater height change than 

the individual cubes not in clusters.  

Across the three regions there were seven different shapes of AgCluster examined which were 

composed of anywhere from two (dimers) to fourteen (large cluster I) cubes. Regardless of the shape or 

size of the AgClusters, all of the clusters exhibited a greater height change than the individual AgNC 

following exposure with the 568 nm laser. This suggests that the wavelength of 568 nm is not just well 

suited for the selective embedment of dimers, trimers and tetramers but extended AgClusters as well.   

Although the height change measurements revealed that the AgNCs in AgClusters exhibited greater 

height change over the different intervals of laser exposure, it was clear that there was still significant 

embedment of the individual AgNCs. To elucidate the reason behind the embedment exhibited by the 

individual AgNCs, theoretical based calculations of the absorption cross sections of individual AgNCs and 

various AgClusters were made.  

3.5 Theoretical Calculations of Selective Embedment at 568 nm 

Based on thermoplasmonic theory there are two possible explanations for the embedment exhibited by 

the individual AgNCs at 568 nm. The first explanation is that both the individual AgNCs and the 

AgClusters absorb the 568 nm light but that the clusters do so more efficiently resulting in a more 

significant temperature increase per W/m2 than the individual cubes. This means that the amount of 

irradiance the clusters require to reach ∆T>Tg, would be less than that of the cubes, and would explain 

in regions of the sample where the irradiance was lower why the clusters were able to partially embed 

and the individual cubes were not. It would also explain why in regions of the sample where irradiance is 

higher, both the AgClusters and the individual cubes were able to partially embed in the PS thin film. The 

second possible explanation for this pattern is that the individual AgNCs closer to the centre of the 

patterned were able to embed due to the collective heating affects of the monolayer. In extended arrays 
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of nanoparticles, such as the AgNC monolayer used in these experiments, there is shown to be 

considerable collective heating across the extent of array despite the heat being generated from 

discrete locations.74,90 It is possible that the selective excitation of the AgClusters at high irradiance was 

able to produce enough heat to heat an extended region of the PS film to its Tg, allowing the individual 

AgNCs to embed as well.  To determine whether or not the embedment of the individual AgNCs resulted 

from thermoplasmonic heating of the cubes themselves or from collective heating effects, and to 

confirm that the selective embedment exhibited by the AgClusters was a direct result of increased 

thermoplasmonic heating, the absorption cross sections at 568 nm of various cubes and AgClusters were 

calculated.  

3.5.1 Calculated Absorption Cross section of Different Clusters at 568 nm 

The coupling between incoming light and electron oscillations in a nanoparticle is the most important 

factor in determining said particle’s thermoplasmonic efficiency.54–56,79 The thermoplasmonic efficiency 

of nanoparticles is most commonly measured by means of the absorption cross section (σabs) which can 

be determined both analytically and numerically.55 In this study FDTD software was used to calculate the 

σabs at 568 nm of various sizes of individual cubes and various sizes and shapes of AgClusters. The 

purpose of these calculations was two-fold. The first purpose was to confirm that the AgClusters are 

more efficient at converting 568 nm light to heat, and hence that the height change patterns observed 

were a result of selective embedment. The second purpose was to use the calculated σabs at 568 nm for 

the different sizes of individual cubes to evaluate whether the individual AgNCs exhibited embedment as 

a result of their own heating or other collective heating effects.  

Five different clusters were modelled: dimers where the cubes were the same size (SS dimers), dimers 

where the cubes were different sizes (DS dimers), trimers where the cubes were in a row formation (row 

trimer), trimers where the cubes were in a triangle formation (triangle trimer) and a tetramer where the 

cubes were oriented in a diamond (diamond tetramer). These clusters were selected as the ones to 
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model as they replicated clusters found in the monolayer used for the selective embedment 

experiments (Figures 6.27-6.29). Because the TEM images of the AgNCs revealed an average cubes size 

of ~45 nm, with the lower end and higher end of the size distribution being ~30 nm and ~60 nm 

respectively, each of the cluster was modelled with 30 nm, 45 nm and 60 nm sized cubes. The 

absorption spectra of individual cubes of all three sizes were also calculated so that their σabs could be 

compared with those of the clusters. 

The σabs of the different clusters was calculated using both 0° and 90° polarized light. Because the 

polarization of the laser used for the actual selective experiments was unknown, as was orientation of 

the AgNC clusters on the monolayer relative to the laser, it was important to calculate the σabs at both 

polarizations. Within our experimental system the clusters on the monolayer could have been excited by 

light polarized along their axis, orthogonal to their axis or somewhere in between, hence why it is 

important to calculate the σabs at both polarizations.  The actual experimental cross sections of the 

different clusters in the monolayer are likely some combination of the two cross sections calculated at 

the different polarizations. 

The absorption spectra of the various individual cubes and AgClusters calculated from 300-900 nm can 

be seen in Figures 6.36-6.42 in Appendix 6.5.1. The values of σabs at 568 nm (henceforth denoted as 

𝜎𝑎𝑏𝑠
568) for each of the different cubes and clusters taken from those spectra are tabulated below in Table 

3.5. 

Table 3.5: FDTD Calculated Absorption Cross Section  of Different AgNCs and AgNC Clusters at 
568 nm using 0° and 90° Polarized Light 

Type of Structure 
Cube Size (nm) 

Absorption Cross section at 568 nm (𝜎𝑎𝑏𝑠
568, m2) 

0° polarized 90° polarized 

Individual Cube 

30 1.02 x 10-16 

45 4.21 x 10-16 

60 1.42 x 10-15 

SS Dimer 
30 3.40 x 10-15 1.26 x 10-16 

45 1.79 x10-14 4.86 x 10-16 
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60 1.01 x 10-14 1.34 x 10-15 

DS Dimer 

30 and 45 1.50 x 10-14 3.35 x 10-16 

30 and 60 1.76 x 10-14 1.01 x 10-15 

45 and 60 1.82 x 10-14 1.06 x 10-15 

Row Trimer 

30 9.14 x 10-15 1.55 x 10-16 

45 6.88 x 10-15 5.90 x 10-16 

60 4.06 x 10-15 8.44 x 10-15 

Triangle Trimer 

30 2.4 x 10-15 4.73 x 10-15 

45 1.68 x 10-14 1.73 x 10-14 

60 1.72 x 10-14 1.26 x 10-14 

Diamond Tetramer 30 2.26 x 10-15 1.79 x 10-14 

45 1.28 x 10-14 1.15 x 10-14 

60 1.96 x 10-14 7.76 x 10-15 

 

In order for our hypothesis that the AgClusters are selectively embedded at 568 nm to hold true from a 

theoretical standpoint, all of the different clusters would have to have a greater 𝜎𝑎𝑏𝑠
568

 than the individual 

cubes (the greater the absorption cross section the greater  ∆T via Equation 25). As can been seen in 

Table 3.5, the 𝜎𝑎𝑏𝑠
568of the individual AgNCs at 568 nm are significantly lower overall than the 𝜎𝑎𝑏𝑠

568 of 

most the AgClusters. The exceptions are the 𝜎𝑎𝑏𝑠
568  of the SS dimers, the DS dimers and the row trimers 

calculated with 90° polarized light which are very close to the 𝜎𝑎𝑏𝑠
568 of the individual cubes. However, as 

mentioned above, the polarizations are just used as a formality and the actual 𝜎𝑎𝑏𝑠
568 exhibited by the 

clusters is likely a combination of the 𝜎𝑎𝑏𝑠
568 calculated at the two polarizations. The 𝜎𝑎𝑏𝑠

568 of the SS 

dimers, DS dimers and the row trimers calculated with 0° polarization are substantially greater 

(anywhere from two to 163 times greater to be specific)  than the 𝜎𝑎𝑏𝑠
568 of than the individual cubes, 

hence it is extremely likely that these AgClusters will exhibit a greater ∆T than the individual cubes at 

568 nm. Because of the fact that the triangle trimers and the diamond tetramers experience significant 

coupling in both the x and y direction, their calculated 𝜎𝑎𝑏𝑠
568  are very high at both polarizations. The fact 

that their 𝜎𝑎𝑏𝑠
568  are anywhere from three to 192 times the 𝜎𝑎𝑏𝑠

568  of the individual cubes regardless of 

polarization indicates that they will exhibit a greater ∆T than the individual cubes at 568 nm, regardless 

of the polarization of the light relative to the monolayer. Although the different AgClusters have 
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different calculated 𝜎𝑎𝑏𝑠
568, all of the AgClusters regardless of shape and size have a higher calculated 

𝜎𝑎𝑏𝑠
568 than the individual cubes, confirming the hypothesis that the AgClusters as a group will 

preferentially embed over the individual AgNCs at a wavelength of 568 nm. 

The results in Table 3.5 suggest that the triangle trimer and the diamond tetramer are the most efficient 

at converting 568 nm light to heat followed by the DS dimer, the SS dimer and the row trimer. 

Unfortunately, these trends are only somewhat reflected in the trends observed in the measured height 

changes of the various types of AgClusters. The experimental height change measurements made for the 

different types of clusters in each of the regions (Table 6.10 in Appendix 6.8) show that the diamond 

tetramer in Region A exhibited the greatest ∆h0-180s , followed by the DS dimer and the SS dimer, which 

exactly follows the trend predicted by the different AgCluster’s 𝜎𝑎𝑏𝑠
568. In Region B the triangle trimer has 

the greatest ∆h0-180s, the two types of dimers are tied for the second greatest ∆h0-180s, and the row trimer 

has the lowest measured ∆h0-180s which again follow the results predicted by the AgCluster’s 𝜎𝑎𝑏𝑠
568. In 

Region C, however, the experimental results completely deviate from the trend predicted by the 𝜎𝑎𝑏𝑠
568 

(the row trimer has the most significant ∆h0-180s, followed by the triangle trimer, the SS dimer and the DS 

dimer). Despite the fact that the calculated 𝜎𝑎𝑏𝑠
568 of the different individual cubes and AgClusters support 

our hypothesis that selective embedment of clusters will occur at 568 nm due to increased 

thermoplasmonic heating, they also indicate that our experimental results do not consistently follow the 

trends predicted by theory. Potential factors leading to this discrepancy are described in section 3.6. 

Initially, based on the fact that many of the individual AgNCs in the monolayer exhibited height change 

after laser exposure it was speculated that the individual cubes themselves may have embedded due to 

having been photothermally heated by the 568 nm light. However, based on how small the magnitude 

of the calculated 𝜎𝑎𝑏𝑠
568 of the different individual cubes is, it is unlikely that they could have reached T>Tg 

based on Equation 25.  This means that they must have embedded due to collective heating effects. 
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Collective heating effects, along with other factors that may have led to the embedment patterns 

observed in the selective embedment experiments at 568 nm, are discussed in more detail in section 

3.6.  

3.5.2 Spatial Distribution of Plasmon Modes at 568 nm 

Thermoplasmonic heating of nanoparticle clusters can result from exciting plasmons on the individual 

cubes in a cluster or by exciting a plasmon mode unique to the cluster itself.61,173  The embedment 

patterns observed at 458 nm suggest that the AgClusters have a completely unique plasmonic profile 

from the individual AgNCs, but this distinction could change based on the wavelength of laser used. 

Because the whole principle of the selective embedment experiments at 568 nm was to avoid 

thermoplasmonic heating of the individual cubes, it is imperative to prove that mode excited by the 568 

nm light is oriented over the whole cluster structure. 

To determine whether or not the modes of the clusters are oriented along the whole structure or 

localized on one of the constituent cubes, the electric field enhancement factors (EEFs) for the five 

clusters modelled in section 3.5.1 were calculated at 568 nm using FDTD. Just as for the calculated 

absorption cross sections, the EEF calculations for each structure were calculated with both 0° and 90° 

polarized light.  

EEFs are often calculated to determine the extent of coupling in nanoparticle clusters as it provides 

insight into the spatial distribution of electrons across the cluster.72,79 In nanospheres, the excitation of 

coupling modes (the modes unique to the cluster itself) is indicated in EEFs by the presence of a hot spot 

in-between particles and an enhancement around the border of each particle.72,79  In AgClusters, the 

excitation of a coupling mode is indicated by the presence of a hot spot in between the particles and an 

observable electron density at the vertexes and edges of the cubes.46,47 For the SS dimers, DS dimers and 

row trimers that only have extended geometry along one axis, the electron distribution across the three-
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dimensional structure can be accurately visualized from a single two-dimensional plane. For the triangle 

trimers and diamond tetramers more than one two-dimensional plane is required to clearly visualize the 

distribution of the electrons across the three-dimensional structure. The different planes used to 

generate the EEFs for each of the clusters can be seen in Appendix 6.5.2. 

An example of the EEFs calculated at 568 nm for the different SS dimers can be seen in Figure below. 

The rest of the EEFs calculated at 568 nm for all of the clusters can be found in Appendix 6.5.2 as Figures 

6.47-6.54. It is important to note that in some of the EEFs (such as in Figure 3.8 below) the cubes are 

depicted as rectangles instead of squares. This is due to the scales for the different axis generated by the 

Lumerical software. 

 

Figure 3.8: EEF of 30 nm, 45 nm and 60 nm SS dimers at 568 nm calculated with 0° polarized light (A-C) and 90°polarized light 

(D-F).The 2D Y plane was used for the calculations with 0° and 90° polarized light. The coloured axis to the left of the images 

indicates the magnitude of the EEF. In D-F the dotted line indicates the junction between the individual cubes. 

The EEFs of the SS dimers, DS dimers and row trimers calculated with 0° polarized light have hot spots 

between the cubes and noticeable electron density at the outer corners and edges of the cubes (Figures 

3.8, 6.47 and 6.48). The EEFs calculated at 90° polarized light for the SS dimers and row trimers do not 
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have hot spots in between the cubes but do show electron density at the outer corners and outer and 

bottom edges of the cubes (Figures 3.8 and 6.48). The EEFs calculated at 90° polarized light for the DS 

dimers show a hot spot in between the two cubes in addition to the patterning at the outer corners and 

outer and bottom edges (Figure 6.47). The triangle trimers and diamond tetramers have EEF hot spots in 

nanoparticle junctions and noticeable electron density at the outer corners and edges of the cubes for 

the EEFs calculated at both polarizations (Figures 6.49-6.54). It is important to note that the magnitude 

of the EEF is not an indicator of the magnitude of thermoplasmonic heating, and thus the low EEF values 

calculated with 90° polarized light for the SS dimers, DS dimers and row trimers are not an indication of 

diminished thermoplasmonic efficiency at 568 nm.55 As the EEF images show that the plasmons excited 

on each cluster by 568 nm light are distributed over the whole clusters, they support the hypothesis that 

selective thermoplasmonic excitation of all of the AgClusters occurs at 568 nm. 

3.6 Factors that Potentially Affected the Selective Embedment of Clusters at 568 

nm 

Based on the difference in the magnitude of the calculated 𝜎𝑎𝑏𝑠
568of the individual AgNCs and the 

AgClusters, it is surprising that there was not more distinguishable selective embedment. Aside from 

Region A where the discrepancy between the ∆h0s-30s and the ∆h0s-180s of the individual AgNCs and the 

AgClusters was significant, the height change exhibited by the AgClusters was only 2.10-6.6 nm greater 

than the height change exhibited for the individual AgNCs in Regions B and C. To determine why the two 

types of structures both embedded to a similar extent, factors that were likely to have increased the 

embedment depth of the individual AgNC and limit the embedment of the AgClusters must be 

considered.  

Due to the long-range temperature diffusion profile of thermoplasmonic nanoparticles, large arrays of 

nanoparticles exhibit substantial collective heating effects.55 These collective heating effects can result 

in a temperature increase that is orders of magnitude above the ∆T predicted by Equation 24 and in a 
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completely uniform temperature distribution across the irradiated area.54 As can be seen in Equation 26, 

for nanoparticle arrays where the particles are approximately the same size the collective heating is 

dependent on p, the interparticle distance and D, the size of the two dimensional area under 

illumination.54 The smaller the value of p  and the greater the value of D , the more important the 

collective photothermal heating effects are estimated to be. Collective heating has been reported to be 

significant in nanoparticle arrays with interparticle distances of several hundred nanometers, thus, it is 

extremely likely that these effects occurred in the monolayer used in these experiments where the 

average interparticle distance between AgClusters was also on the order of a couple of hundred of 

nanometers.54 Looking at Figure 3.7 the size of the patterned area appears to be approximately 10µm. 

The fact that the value of D  for the selective embedment experiments at 568 nm was on the microscale 

increases the extent to which collective heating likely occurred. In the context of our selective 

embedment experiments, a uniform temperature distribution across the irradiated area would result in 

a uniform embedment of all features in the patterned area, which is reflected in the AFM images in 

Figure 3.7.  

Even though the AgClusters were selectively thermoplasmonically heated at 568 nm they were not able 

to embed completely the way the individual AgNCs could at 458 nm. This could be due to the increased 

size of the AgClusters relative to the individual AgNCs.  

When a polymer is heated to its Tg, the polymer reaches a fluid like state where its chains become 

extremely mobile. Embedment of particles occurs when the mobile polymer chains are able to flow 

around the particle.139,141,145,150 Due to the increased size of the AgClusters, it is possible that 

embedment is limited because the PS chains are not able to flow around larger structures in the same 

manner than they can individual particles. The possibility that the PS chains have a more challenging 

time flowing around larger particles could also explain why in Region C the medium sized cubes 

exhibited a greater height change than the large sized cubes.  
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The surface energy requirement expressed in Equation 28 states that in order for a nanoparticle to begin 

to embed in a polymer thin film it must satisfy the Helmholtz Free energy requirement of 𝛾𝑝 > 𝛾𝑝𝑠, 

where 𝛾𝑝is the surface free energy of the particle and 𝛾𝑝𝑠 is interfacial surface free energy between the 

particle and the polymer.146 In order for a nanoparticle to completely embed in a polymer thin film it 

must satisfy the additional free energy inequality of 𝛾𝑝 > 𝛾𝑠 + 𝛾𝑝𝑠 where 𝛾𝑠 is the polymer’s free surface 

energy.146 Mathematically the complete embedment condition for small silver nanospheres is usually 

met, and AgNCs have been experimentally shown to nearly completely embed in PS thin films; however, 

it is possible that the increased size of AgClusters does not allow them to meet that condition.139,146  

After partially embedding in a polymer thin film, a nanoparticle is subject to two opposing forces: the 

long range attraction forces between the particle and the polymer which act to pull the particle deeper 

in to the film and the entropic forces associated with the configurations of the polymer molecules and 

the interfacial interactions of the particle and the polymer which act to reject the particle.146 Because 

the nature of the attraction forces between the polymer and the particle depend only on the 

composition of the particle, these attraction forces will be the same for all of the individual AgNCs and 

AgClusters.146 The entropic forces associated with the configuration of the polymer molecules on the 

other hand likely change with the size of the AgNC and AgCluster. As mentioned above, the larger the 

particle or cluster the more the polymer chains have to flow around it to allow for its embedment. The 

more the polymer chains have to displace to allow for nanoparticle embedment the greater the entropic 

driven repulsion of the nanoparticle by the polymer film. Similarly, the larger the area of nanoparticle 

that is contact with the polymer the greater the extent of interfacial repulsive interactions. This increase 

in repulsive forces with nanoparticle size could explain why the larger individual AgNCs and the 

AgClusters exhibit less embedment that would be expected solely based on their predicted 

thermoplasmonic heating.  

3.7 Experimental Improvements and Future Work 
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Although both the selective embedment of individual AgNCs at 458 nm and the selective embedment of 

AgNC clusters were successful, there are improvements that can be made for each technique going 

forward.  

The only undesirable result in the selective embedment experiments at 458 nm was the onset of 

embedment of AgNC clusters after 90s of laser exposure. To ensure that only the individual AgNCs are 

embedded in future experiments, the duration of laser exposure should not exceed 90s. As the onset of 

embedment of small clusters occurred between 60s and 90s of exposure to the 17mW laser, additional 

experiments could be conducted to determine the exact time of exposure that leads to the embedment 

small AgCluster at 458 nm. Similar trials could also be conducted to determine the exact exposure time 

that leads to the embedment of large AgClusters at 458 nm, which occurs somewhere between 220-

250s of laser exposure at 17mW.  If this technique is to be applied to synthesize AgNC composites with 

partially embedded AgNCs, it would also be beneficial to conduct further trials at slightly lower powers 

and/or time intervals to avoid complete embedment of the AgNC into the PS thin film.  

Though the selective embedment experiments of AgNC clusters at 568 nm were reasonably successful, 

there are several adjustments that could be made to potentially increase the success and scope of this 

technique. As discussed in section 3.4, the most distinguishable selective embedment occurred in 

regions of the monolayer where laser irradiance was the lowest (Figure 3.7, top right corner of the 

AFMs). This suggests that a lower power of the 568 nm laser might be well suited for more resolved 

selective embedment. Further experiments could be conducted to determine if more resolved selective 

embedment of AgClusters could be achieved at a slightly longer wavelength.  

To test the scope of the selective embedment technique studied in these investigations, future 

experiments could be done to determine if varying the laser wavelength could be used for selective 

embedment of specific types of AgClusters. While thermoplasmonic heating of a nanostructure can 
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occur over a range of wavelengths, the maximum light to heat conversion will occur at the wavelength 

corresponding to the peak wavelength in the structure’s absorption spectrum.54,55,76  Based on the 

calculated absorption spectra in Figures 6.36-6.41, the optimal wavelengths to use to selectively embed 

the different types of AgClusters modelled are tabulated below. 

 

 

Table 3.6: FDTD Calculated Peak Absorption Wavelength for Different Types of AgNC Clusters 

Type of 
Cluster 

Cube Size 
(s) (nm) 

Absorption Spectrum Peak 
Wavelength when Light Source is 0° 

Polarized (nm) 

Absorption Spectrum Peak 
Wavelength when Light Source is 

90° Polarized (nm) 

SS Dimer 

30 520 444 

45 566 446 

60 674 398 

DS Dimer 

30 and 45 558 404 

30 and 60 576 444 

45 and 60 622 400 

Row 
Trimer 

30 600 418 

45 688 444 

60 660 372 

Triangle 
Trimer 

30 514 538 

45 558 592 

60 596 626 

Diamond 
Tetramer 

30 502 570 

45 542 650 

60 560 740 

 



92 

The EEF images of the different clusters at their respective peak absorption wavelength (Figures 6.55-

6.63 in Appendix 6.61) reveal that all of the wavelengths listed above correspond to plasmon modes 

localized over the whole of their respective cluster, confirming that these wavelengths values could 

indeed potentially be used for selective embedment experiments of the different types of AgClusters. 

What is additionally interesting about the absorption spectra calculated for the different types of 

AgClusters is that the values of the peak absorption cross sections calculated at the 0° and 90° 

polarization for each structure are within the same order of magnitude (Figures 6.37-6.41). Typically, the 

wavelengths used for experimental thermoplasmonic excitation of nanoparticle clusters are those 

calculated using light polarized along the dimer axis, as those are thought to lead to the considerably 

higher absorption cross section.46,47,79 Future experiments could not only focus on using different 

wavelengths to selectively embed different types of cluster, but also attempt selective embedment 

experiments for each of the clusters at the peak wavelengths calculated with both polarizations and 

compare their effectiveness. 

In this experiment selective thermoplasmonic embedment was used just to preferentially embed one 

type of supported AgNC structure over another; however, the scope of selective thermoplasmonic 

embedment is not just restricted to individual AgNCs and AgClusters. Theoretically, by selecting an 

appropriate wavelength, selective thermoplasmonic embedment could be used to preferentially embed 

a desired size, type or shape of nanoparticle in a mixed array containing multiple types of nanoparticle 

components. This would be extremely useful in fields where nanoscale patterning is used.  

With a surge in interest in secure printing technologies, microscale electronics, photovoltaics and 

bionanomaterials, there has been an increase in demand for various techniques which can produce 

nanoscale patterns in nanoparticle arrays or nanoparticle polymer composites.84,174 Common techniques 

for nanoscale patterning include, electron-beam lithography, dip-pen nanolithography, and plasma 

nanopatterning all of which require costly instrumentation and can be very time consuming.150,175 The 
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selective thermoplasmonic embedment technique reported here provides a promising alternative. 

When combined with specifically designed nanoparticle arrays or nanoparticle polymer composites, 

selective embedment could be used to pattern selected areas or domains, generate colour and even 

draw desired shapes or letters. 

While the thermoplasmonic properties of nanoparticle arrays in their entirety have been well-

documented, little-to-no research has been focused on selective thermoplasmonic heating of individual 

particles within an array. The work documented here represents the first reported instance of spatially 

resolved thermoplasmonics in a supported nanoparticle array using microscale laser excitation. 

Nanoparticle arrays have been harnessed for a variety of applications across the fields of medicine, 

material science, clean energy, chemistry, engineering and physics and  numerous investigations have 

been made into the applications of these arrays for a localized heating applications that can be used in 

biosensing, catalysis, molecular imaging and water treatment.53,74,90,176  The determination that select 

nanocrystals within an array can be heated with simple, relatively inexpensive instrumentation opens 

the doors for a myriad of new possibilities in thermoplasmonic research. 

4 Conclusion 

This work investigated the selective embedment of different supported silver nanocubes (AgNCs) using 

selective thermoplasmonic excitation. Monolayers of AgNCs containing individual cubes and different 

types of AgNC clusters were deposited on polystyrene thin films using Langmuir-Blodgett techniques and 

then subject to different intervals of laser exposure. It was hypothesized that individual AgNCs would 

embed over AgClusters when a wavelength of 458 nm was used and AgClusters would embed over 

individual AgNCs when a wavelength of 568 nm was used. It was also hypothesised that the embedment 

depth of the relevant structure would increase with laser exposure.  
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For the experiments conducted at 458 nm, selective embedment of the individual AgNC was concluded 

purely from visual examination of topographical images taken with an atomic force microscope before 

and after intervals of laser exposure. Indication that many of the cubes went through a partial embedment 

phase preceding complete embedment confirmed the hypothesis that embedment increased with laser 

exposure time.  

For the experiments conducted at 568 nm both individual AgNCs and AgNC clusters embedded. 

Topographic measurements of the height change taken before and after intervals of laser exposure 

indicated that while both individual AgNCs and AgNC clusters embedded at 568 nm, the clusters exhibited 

greater height change over the duration of laser exposure. These results, combined with the increase in 

height change exhibited by the cubes over time, confirmed both hypotheses.   

To determine whether or not the embedment of the individual AgNCs at 568 nm was the result of the 

individual cubes undergoing thermoplasmonic heating or the collective heating effects in the monolayer, 

the absorption cross sections at 568 nm of different sizes of individual AgNCs and different sizes and shape 

of AgClusters were calculated. The absorption cross section values for the AgClusters were significantly 

greater than those of the individual cubes, confirming that increased embedment of the AgNC clusters at 

568 nm was a result of increased thermoplasmonic heating and that the embedment of the individual 

AgNCs could be attributed to collective heating effects. Electric field enhancement calculations were used 

to show that the plasmon modes excited by the 568 nm laser were unique to the different clusters and 

not just their constituent cubes, confirming that selective embedment at 568 nm occurred as a result of 

selective excitation of the AgClusters. With some revisions the selective embedment techniques used in 

these studies show promise for applications in nanoparticle/polymer composite synthesis, nanostructure 

colour generation and secure printing technologies. The spatially resolved thermoplasmonic heating 

shown in these studies is the first of its kind and opens the door for future research in countless other 

local heating applications. 
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6 Appendices 

6.1 Supplementary Material for Section 3.1  

6.1.1 Additional Transmission Electron Microscopy Characterization of AgNCs in 

Solution 

 

Figure 6.1: A) Large Scale TEM image of AgNC B) Medium Scale TEM image of AgNCs C) Small Scale TEM image of AgNC D) 
Histogram of AgNC Edge Length Measurement from TEM image set taken 4 months after initial synthesis. 

6.1.2 Thickness Measurement of PS Thin Film  
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Figure 6.2: X-axis Cross section taken in Nova Software to measure thickness of PS thin Film. 

6.1.3 Additional Atomic Force Microscope and UV-Vis Characterization of Supported 

AgNC Monolayers 

 

Figure 6.3: 10 µm x 10 µm AFM of Deposited AgNC monolayer on PS with Nanorods. 
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Figure 6.4: Extinction spectra (A) and 5 µm x 5 µm AFM images of AgNC monolayers deposited at pressures of 0 mN/m (B), 1 
mN/m (C), 2 mN/m (D), 3 mN/m (E) and 4 mN/m (F). 
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Figure 6.5: Extinction spectra (A) and 10 µm x 10 µm AFMs of AgNC monolayers deposited at pressures of 2 mN/m (B), 4 
mN/m (C), 6 mN/m (D), 8 mN/m (E). 
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6.2 Supplementary Material for Section 3.2 

 

Figure 6.6: AFM images of AgNC monolayer after being exposed to a 458 nm laser at 40 mW for 15 second (A) and 5 seconds 
(B) and at 23 mW for 15 seconds (C) and 5 seconds (D). The diameters of the circular patterned regions were measured using 

Nova software to be approximately 18.24 µm, 19.72 µm, 13.05 µm and 12.67 respectively. 
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Figure 6.7: AFM images of AgNC monolayer after being exposed to a 458 nm laser at 17 mW for 5 minutes (A) and 3 minutes 
(C). B and D are zoomed in images of the regions outlined by the white square in A and C respectively. The diameter of 

patterned areas in A and C were measured with Nova to be 12.29 µm (A) and 12.09 µm (C). 

 

Figure 6.8: AFM images of AgNC monolayer after being exposed to a 568 nm laser at 50mW for 30 seconds (A), an additional 
2 minutes (B) and an additional 5 minutes (C). Even after 7 minutes and 30 seconds of exposure at 50mW there was no 

patterning observed. 
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Figure 6.9: AFM images of AgNC monolayer after being exposed to a 568 nm laser at 65 mW for 2 minutes (A), 1 minute (B) 
and 20 seconds (C). D, E and F are zoomed in images of the partially embedded regions in A, B and C respectively. The 

diameters of the circular patterned regions were measured using Nova software to be approximately 11.18 µm (A), 11.13 µm 
(B) and 8.26 µm (C). 
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6.3 Supplementary Material for Section 3.3 

6.3.1 Series of AFM Images Taken Before and After Laser Exposure at 458 nm 

 

Figure 6.10: 10 µm x 10 µm AFM of AgNC monolayer used for selective embedment experiments of individual cubes before 
laser exposure. 
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Figure 6.11: 10 µm x 10 µm AFM of AgNC monolayer used for selective embedment experiments of individual cubes after 30s 
of laser exposure. 
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Figure 6.12: 10µmx10µm AFM of AgNC monolayer used for selective embedment experiments of individual cubes after 60s of 
laser exposure. 
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Figure 6.13: 10 µmx  10µm AFM of AgNC monolayer used for selective embedment experiments of individual cubes after 90s 
of laser exposure. 
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Figure 6.14: 10 µm x 10 µm AFM of AgNC monolayer used for selective embedment experiments of individual cubes after 
130s of laser exposure. 
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Figure 6.15: 10 µm x 10 µm AFM of AgNC monolayer used for selective embedment experiments of individual cubes after 
160s of laser exposure. 
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Figure 6.16: 10 µm x 10 µm AFM of AgNC monolayer used for selective embedment experiments of individual cubes after 
200s of laser exposure. 
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Figure 6.17: 10 µm x 10 µm AFM of AgNC monolayer used for selective embedment experiments of individual cubes after 
220s of laser exposure. 
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Figure 6.18: 10 µm x 10 µm AFM of AgNC monolayer used for selective embedment experiments of individual cubes after 
250s of laser exposure. 
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Figure 6.19: 10 µm x 10 µm AFM of AgNC monolayer used for selective embedment experiments of individual cubes after 
370s of laser exposure. 
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Figure 6.20: 10 µm x 10 µm AFM of AgNC monolayer used for selective embedment experiments of individual cubes after 
610s of laser exposure. 
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Figure 6.21: 20 µm x 20 µm AFM of AgNC monolayer after being exposed to 458 nm laser for 610s. The diameter of the 
circular pattern was measured with Nova to be 17.13 µm. 
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6.3.2 Zoomed in Regions of AFM images Taken After Laser Embedment Intervals 

 

Figure 6.22: Outline of different regions of original AFM images used for zoomed-In images in Figures 6.23-6.25. The black, 
blue and yellow rectangles outline Region I, II and III respectively. The regions are shown here using the 10 µm x 10 µm AFM 

taken 30s after laser exposure for reference. 
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Figure 6.23: Close-up of Region I  following 30s, 60s, 90s (A-C), 130s, 160s, 200s (D-F), 220s, 250s, 370s (G-I), and 610s (J) of 
exposure with the 458 nm laser. 
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Figure 6.24: Close-up of Region II following 30s, 60s, 90s, 130s, 160s (A-E), 200s, 220s, 250s, 370s and 610s (F-J) of exposure 
with the 458 nm laser. 

 

Figure 6.25: Close-up of Region III following 30s, 60s, 90s, 130s, 160s (A-E), 200s, 220s, 250s, 370s and 610s (F-J) of exposure 
with the 458 nm laser. 
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6.4 Supplementary Material for Section 3.4 

6.4.1 Regions of the AgNC Monolayer Investigated for Selective Embedment of 

Nanocube Clusters at 568 nm 

 

Figure 6.26: Outline of different regions used for zoomed-In images in Figures 6.27-6.29. The blue, green and white rectangle 
outline Regions A, B and C respectively. The regions are shown here using the 10 µm x 10µm AFM taken before laser 

exposure for reference. 
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Figure 6.27: Close-up AFM images of Region A before laser exposure (A), and after 30s (B), 60s (C), 90s (D), 120s (E) and 180s 
(F) of exposure to the 568 nm laser. 

 

Figure 6.28: Close-up AFM images of Region B before laser exposure (A), and after 30s (B), 60s (C), 90s (D), 120s (E) and 180s 
(F) of exposure to the 568 nm laser. 
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Figure 6.29: Close-up AFM images of Region C before laser exposure (A), and after 30s (B), 60s (C), 90s (D), 120s (E) and 180s 
(F) of exposure to the 568 nm laser 
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6.4.2 Cross Sections of AgNC Monolayer in Regions A, B and C used for Height 

Measurement Correction 

 

Figure 6.30: Cross sections used to determine the background height in Region A for AFM images taken 60s after laser 
exposure. These five cross section measurements were replicated in Region A for the AFM images taken before laser 

exposure and after each of the laser exposure trials. The lowest height in each cross section was considered the lowest value 
in the cross section with minimal noise. 

 

Table 6.1: Background Height in Region A of AFM Images Before and After Laser Exposure Trials 

 Height of Background in Cross Section (nm) 

Trial Cross 
Section 1 

Cross 
Section 2 

Cross 
Section 3 

Cross 
Section 4 

Cross 
Section 5 

Average (± SD) 

Before 12.0 14.0 8.0 10.0 10.0 10.8 ± 2.0 

30s 3.0 6.5 2.5 4.5 8.0 4.9 ± 2.1 

60s 3.0 6.5 3.0 5.0 7.5 5.0 ± 1.8 

90s 3.0 7.0 2.5 5.5 5.0 4.6 ± 1.7 
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120s 5.0 7.5 5.0 7.0 3.5 5.6 ± 1.5 

180s 32.3 35.0 32.0 34.3 35.0 33.7 ± 1.3 

 

 

Figure 6.31: Cross sections used to determine the background height in Region B for AFM images taken 60s after laser 
exposure. These five cross section measurements were replicated in Region B for the AFM images taken before laser 

exposure and after each of the laser exposure trials. The lowest height in each cross section was considered the lowest value 
in the cross section with minimal noise. 

Table 6.2: Background Height in Region B of AFM Images Before and After Laser Exposure Trials 

 Height of Background in Cross Section (nm) 

Trial Cross 
Section 1 

Cross 
Section 2 

Cross 
Section 3 

Cross 
Section 4 

Cross 
Section 5 

Average (± SD) 

Before 7.5 6.5 11.0 6.0 11.0 8.4 ± 2.2 

30s 3.0 3.0 5.0 5.0 5.0 4.2 ± 1.0 

60s 3.5 5.0 5.0 6.0 3.0 4.5 ± 1.1 

90s 3.0 2.0 6.0 3.5 5.0 3.9 ± 1.4 

120s 3.0 3.0 5.0 5.0 3.0 3.8 ± 1.0 

180s 12.5 12.0 11.5 11.5 12.0 11.9 ± 0.4 
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Figure 6.32: Cross sections used to determine the background height in Region C for AFM images taken 60s after laser 
exposure. These five cross section measurements were replicated in Region C for the AFM images taken before laser exposure 

and after each of the laser exposure trials. The lowest height in each cross section was considered the lowest value in the 
cross section with minimal noise. 

Table 6.3: Background Height in Region C of AFM Images Before and After Laser Exposure 
Trials 

 Height of Background in Cross Section (nm) 

Trial Cross 
Section 1 

Cross 
Section 2 

Cross 
Section 3 

 Cross 
Section 4 

Cross 
Section 5 

Average (± SD) 

Before 8.0 8.0 10.0 20.0 13.0 11.8 ± 4.5 

30s 3.0 5.0 4.0 5.0 5.0 4.4 ± 0.8 

60s 4.0 5.0 5.0 5.0 5.0 4.8 ± 0.4 

90s 6.5 6.5 6.5 10.0 8.0 7.5 ± 1.4 

120s 5.0 5.5 5.0 6.0 6.5 5.6 ± 0.6 

180s 3.0 5.5 5.5 5.5 7.0 5.3 ± 1.3 
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6.4.3 Height Measurement of AgNCs in Regions A, B and C 

 

Figure 6.33: Close up of Region A used for cube height measurements. The cubes whose heights were measured are 
numbered. An asterix next to the number indicates the cubes that are considered to be in clusters. DS Dimers and SS Dimers 
are circled and identified by solid and dotted lines respectively. The numbering is shown here on the AFM taken before laser 

exposure for reference. 

Table 6.4: Corrected Height of AgNCs Before Laser Exposure and After Laser Exposure Intervals in 
Region A 

 Height of Cube After Different Intervals of Laser Exposure (nm) 

Type of 
Cube 

Number Before After 30s After 60s After 90s After 120s After 180s 

Individual 1 61.1 31.8 30.7 30.4 25.5 30.4 

2 61.1 39.6 30.9 35.1 31.0 35.3 

3 61.1 29.5 27.6 33.9 32.0 34.2 

4 61.1 39.2 39.4 39.3 42.1 43.1 

5 61.1 40.6 42.9 39.9 38.8 38.4 

6 61.1 24.5 18.0 16.2 16.1 15.6 
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In 
Diamond 
Tetramer 

7 61.1 25.1 23.5 21.9 14.6 14.3 

8 61.1 28.2 24.1 20.1 18.8 18.3 

9 61.1 24.8 20.2 17.3 16.6 15.4 

In DS 
Dimer 

10 61.1 24.1 23.5 23.0 20.9 18.1 

11 56.9 19.0 20.8 17.5 16.6 12.4 

12 61.1 32.1 20.6 27.0 25.5 28.0 

13 60.4 22.2 17.8 16.0 13.7 18.0 

In SS 
Dimer 

14 61.1 26.2 21.5 22.6 22.9 20.5 

15 61.1 31.1 29.1 26.3 27.0 26.7 

16 61.1 21.9 23.4 21.5 19.8 19.1 

17 61.1 25.4 17.9 19.7 19.3 17.5 

 

 

Figure 6.34: Close up of Region B used for cube height measurements. The cubes whose heights were measured are 
numbered. An asterix next to the number indicates the cubes that are considered to be in clusters. Row Trimers and 

Triangular Trimers are circled and identified by solid and dotted lines respectively. Cubes 21 and 22 are considered to be in a 
SS Dimer and cubes 23 and 24 are considered to be in a DS Dimer. The numbering is shown here on the AFM taken before 

laser exposure for reference. 

Table 6.5: Corrected Height of AgNCs Before Laser Exposure and After Laser Exposure 
Intervals in Region B 

 Height of Cube After Different Intervals of Laser Exposure (nm) 
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Type of 
Cube 

Number Before After 30s After 60s After 90s After 120s After 180s 

Individual 
Cubes 

1 66.9 29.3 24.9 21.2 21.7 24.0 

2 67.8 25.8 21.6 14.8 20.8 19.5 

3 69.3 32.2 26.0 22.2 22.3 21.6 

4 70.0 26.4 31.5 28.7 26.8 30.6 

5 71.2 34.9 33.5 30.7 30.4 31.2 

In Triangle 
Trimers 

6 76.8 22.4 20.1 23.7 19.9 17.3 

7 70.0 22.5 19.7 21.4 19.9 18.4 

8 71.2 19.2 14.9 17.9 15.9 16.0 

9 71.7 23.9 25.7 23.9 21.1 18.3 

10 73.7 34.6 34.8 32.1 30.8 31.1 

11 80.1 39.2 26.5 34.9 34.8 33.1 

In Row 
Trimers 

12 73.7 27.5 26.5 24.1 24.0 25.2 

13 70.7 15.9 17.6 18.0 15.8 19.6 

14 72.2 27.7 26.2 25.0 28.0 27.1 

15 75.6 25.1 25.2 24.6 24.1 25.3 

16 69.8 22.9 21.8 23.5 22.7 23.3 

17 74.5 19.7 16.6 21.0 16.0 22.6 

18 77.4 29.9 26.6 24.1 26.7 22.1 

19 75.6 35.9 33.0 31.6 29.6 31.8 

20 54.9 19.6 17.6 19.6 15.9 17.0 

In SS 
Dimer 

21 78.2 35.1 31.2 27.9 29.6 29.0 

22 70.3 27.2 19.5 13.6 16.4 16.6 

In DS 
Dimer 

23 57.3 22.1 18.5 17.2 16.6 15.6 

24 81.3 32.5 28.0 26.5 22.6 24.7 
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Figure 6.35: Close up of Region C used for cube height measurements. The cubes whose heights were measured are 

numbered and lettered. In region C the cubes are classified by size: the cubes with white numbers, black letters, and black 
numbers with grey highlight and are classified as small, medium and large respectively. For these cubes an asterix indicates 
that they are in a small cluster (4 cubes or less).  The cubes with red numbers are cubes in clusters with 5+ cubes. The non-

underlined red numbers indicate cubes in large cluster I and the underlined red numbers indicate cubes in large cluster II. The 
numbering is shown here on the AFM taken before laser exposure for reference. 

Table 6.6: Corrected Height of AgNCs Before Laser Exposure and After Laser Exposure 
Intervals for Small Cubes in Region C 

 Height of Cube After Different Intervals of Laser Exposure (nm) 

Type of 
Cube 

Number Before After 30s After 60s After 90s After 120s After 180s 

Individual 
Cube 

1 51.5 16.0 14.4 15.4 12.3 19.9 

2 51.5 20.7 20.3 19.8 18.5 18.4 

3 56.0 20.9 22.8 21.7 17.3 21.0 

In DS 
Dimers 

4 46.7 12.0 8.9 12.5 14.0 11.2 

5 54.7 14.6 16.2 16.0 15.5 15.8 

6 55.8 16.7 18.8 18.5 16.6 17.2 

7 51.9 16.2 16.6 18.0 11.9 19.4 
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Table 6.7:  Corrected Height of AgNCs Before Laser Exposure and After Laser Exposure 
Intervals for Medium Cubes in Region C 

 Height of Cube After Different Intervals of Laser Exposure (nm) 

Type of 
Cube 

Letter Before After 30s After 60s After 90s After 120s After 180s 

Individual A 59.1 15.4 14.3 19.1 17.9 18.4 

B 64.9 27.9 27.6 29.4 28.7 26.6 

C 69.1 33.8 31.8 28.7 31.6 29.7 

D 70.1 33.4 32.5 29.3 32.8 32.6 

E 67.4 21.9 18.2 18.3 17.7 20.3 

F 70.1 34.7 32.0 32.7 38.0 36.3 

G 65.2 31.8 25.5 25.0 22.4 27.4 

H 60.6 21.6 22.5 15.0 24.7 24.4 

I 63.7 29.0 23.3 28.4 28.0 29.0 

J 69.8 23.7 30.1 27.8 25.5 27.6 

K 72.9 30.6 33.1 31.7 31.7 31.3 

In SS 
Dimer 

L 63.4 26.5 25.5 24.1 21.1 21.9 

M 61.6 23.4 20.7 27.4 25.4 23.7 

In Row 
Tetramer 

N 76.9 34.1 33.4 32.4 35.1 33.8 

O 62.5 30.2 26.5 31.4 31.2 33.8 

P 74.6 37.0 36.7 33.9 34.9 38.2 

Q 60.1 19.9 24.5 16.8 22.2 21.6 

In SS 
Dimer 

R 60.8 21.6 19.6 21.1 25.5 22.6 

S 75.4 21.7 21.0 26.7 28.1 25.3 

In Row 
Trimer 

T 73.1 23.4 22.4 24.1 24.5 26.3 

U 68.6 25.7 27.5 24.9 26.7 27.4 

V 80.9 29.8 29.3 29.1 32.6 31.0 

 

Table 6.8: Corrected Height of AgNCs Before Laser Exposure and After Laser Exposure 
Intervals for Large Cubes in Region C 

 Height of Cube After Different Intervals of Laser Exposure (nm) 

Type of 
Cube 

Number Before After 30s After 60s After 90s After 120s After 180s 

Individual 
Cube 

1 76.9 37.8 35.9 27.0 27.5 30.2 

2 72.7 41.6 35.6 36.1 37.3 42.6 

3 77.9 34.5 37.8 38.9 38.3 35.0 

4 79.4 45.0 43.4 39.3 40.9 45.0 

5 74.9 38.7 35.2 31.6 34.6 37.3 

6 75.9 42.9 36.3 39.0 38.7 35.9 

In Triangle 
Trimer 

7 89.6 38.3 36.5 40.7 39.3 34.2 

8 82.7 51.3 48.7 41.5 49.3 45.1 

9 83.6 41.6 37.4 35.3 41.4 42.8 
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Table 6.9: Corrected Height of AgNCs Before Laser Exposure and After Laser Exposure 
Intervals for Cubes in Large Clusters Region C 

 Height of Cube After Different Intervals of Laser Exposure (nm) 

Type of 
Cube 

Number Before After 30s After 60s After 90s After 120s After 180s 

In Large 
Cluster I 

1 63.0 19.9 25.3 22.1 21.1 20.6 

2 59.7 23.0 17.3 15.9 16.3 15.6 

3 63.0 26.8 22.5 15.1 22.3 14.7 

4 58.6 21.6 26.1 23.5 23.4 24.6 

5 77.5 32.5 24.3 21.6 20.4 26.2 

6 80.1 25.3 29.5 23.0 23.3 24.8 

7 75.8 31.6 29.5 33.6 31.9 27.3 

8 88.7 37.4 40.9 37.1 38.3 41.6 

9 78.8 37.1 34.4 36.0 38.0 39.0 

10 62.4 20.7 20.7 20.5 22.0 22.7 

In Large 
Cluster II 

1 95.4 50.8 51.6 58.6 51.4 45.9 

2 74.4 46.0 38.4 43.1 47.7 45.8 

3 78.6 27.4 30.0 31.9 33.0 25.0 

4 72.9 35.4 33.7 36.3 30.4 26.2 

5 80.2 37.9 42.6 35.7 35.4 34.4 

6 55.1 19.5 19.5 16.1 21.1 18.6 

 

Table 6.10: Comparison of Average Change in Height After Initial 30s Laser Exposure (∆h0-30s) 
and after Total 3min of Exposure (∆h0-180s) of Different Types of Cube Clusters in the Three 

Different Regions 

Region Type of Cube ∆h0-180s (nm) 

A 

In Diamond Tetramer 45.2 ± 1.7 

In DS Dimer 40.8 ± 4.2 

In SS Dimer 40.2 ±4.0 

B 

In Row Trimer 47.8 ± 5.2 

In Triangle Trimer 51.5 ± 6.0 

In DS Dimer 49.1 ± 10.54 

In SS Dimer 49.1 ± 3.2 

C 

In Row Trimer 46.0 ± 4.4 

In Triangle Timer 44.6 ± 9.5 

In DS Dimer 35.6 ± 4.3 

In SS Dimer 40.4 ± 5.5 

 

 

 

6.5 Supplementary Material for Section 3.5 
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6.5.1 FDTD Calculated Absorption Spectra for Different Sizes of AgNC and Different 

Shapes and Sized of AgNC Clusters 

 

Figure 6.36: FDTD Calculated Absorption Spectra for AgNC of Different sizes. 

 

Figure 6.37: FDTD Calculated Absorption Spectra for SS Dimers of AgNC. The numbers in brackets in the legend indicate the 
angle of polarization. 
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Figure 6.38: FDTD Calculated Absorption Spectra for DS Dimers of AgNC. The numbers in brackets in the legend indicate the 
angle of polarization. 

 

Figure 6.39: FDTD Calculated Absorption Spectra for Row Trimers of AgNC of Different sizes. The numbers in brackets in the 
legend indicate the angle of polarization. 
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Figure 6.40: FDTD Calculated Absorption Spectra for Triangle Trimers of AgNC of Different sizes. The numbers in brackets in 
the legend indicate the angle of polarization. 
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Figure 6.41: FDTD Calculated Absorption Spectra for Diamond Tetramers of AgNC of Different sizes. The numbers in brackets 
in the legend indicate the angle of polarization. 

 

6.5.2 Different 2D-Planes Used for the E-Field Enhancement (EEF) Images of AgNC 

Clusters 

 

Figure 6.42: 2D plans used to calculate the EEFs  for the dimers of AgNCs where nanocubes are the same size. The planes are 
shown on the xy (A), xz (B) and yz (C) axis. 
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Figure 6.43: 2D planes used to calculate the EEFs for the dimers of AgNCs where nanocubes are the different  sizes. The planes 
are shown on the xy (A), xz (B) and yz (C) axis. 

 

Figure 6.44: 2D planes used to calculate the EEFs for the row trimers of AgNCs. The planes are shown on the xy (A), xz (B) and 
yz (C) axis. 

 

Figure 6.45: 2D planes used to calculate the EEFs for the triangle trimers of AgNCs. The planes are shown on the xy (A), xz (B) 
and yz (C) axis. 

 

Figure 6.46: 2D planes used to calculate EEF for the diamond tetramers of AgNCs. The planes are shown on the xy (A), xz (B) 
and yz (C) axis. 
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6.5.3 EEF Images for Different Sizes and Shaped of Nanocube Clusters at 568 nm 

 

Figure 6.47: EEFs of 30 nm/45 nm, 30 nm/60 nm and 45 nm/60 nm DS dimers at 568 nm calculated with 0° polarized Light (A-
C) and 90° polarized light (D-F). A 2D Y plane was used for the calculations with 0° and 90° polarized Light. The coloured axis 

to the left of the images indicates the magnitude of the EEF. 

 

Figure 6.48: EEFs of row trimers with 30 nm, 45 nm and 60 nm cubes at 568 nm calculated with 0° polarized light (A-C) and 
90° polarized light (D-F). A 2D Y plane was used for the calculations with 0° polarized light and 90° polarized light. The 

coloured axis to the left of the images indicates the magnitude of the EEF. 
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Figure 6.49: EEF of 30 nm triangle trimer at 568 nm. A-C show the respective Z, X-R and Y planes calculated with 0° polarized 
light and D and E show the Z and X-R planes calculated with 90° polarized light. The coloured axis to the left of the images 

indicates the magnitude of the EEF. 

 

Figure 6.50: EEF of 45 nm triangle trimer at 568 nm. A-C show the respective Z, X-R and Y planes calculate with 0° Polarized 
Light and D-E show the Z, X-R and Y planes calculated with 90° Polarized Light. The coloured axis to the left of the images 

indicates the magnitude of the EEF. 
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Figure 6.51: EEF of 60 nm triangle trimer at 568 nm. A-C show the respective Z, X-R and Y planes calculate with 0° polarized 
light and D and E show the Z and X-R planes calculated with 90° polarized light. The coloured axis to the left of the images 

indicates the magnitude of the EEF. 

 

Figure 6.52: EEF of 30 nm AgNC diamond tetramer at 568 nm. A-C show the respective Z, X-R and Y planes calculate with 0° 
polarized light and D-F show the Z, X-R and X-M planes calculated with 90° polarized light. The coloured axis to the left of the 

images indicates the magnitude of the EEF. 
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Figure 6.53: EEF of 45 nm AgNC diamond tetramer. A-C show the respective Z, X-R and Y planes calculate with 0° polarized 
light and D-F show the Z, X-R and X-M planes calculated with 90° polarized light. The coloured axis to the left of the images 

indicates the magnitude of the EEF. 

 

Figure 6.54: EEF of 60 nm AgNC diamond tetramer. A-C show the respective Z, X-R and Y planes calculate with 0° polarized 
light and D-F show the Z, X-R and X-M planes calculated with 90° polarized light. The coloured axis to the left of the images 

indicates the magnitude of the EEF. 
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6.6 Supplementary Material for Section 3.7  

6.6.1 E-Field Enhancement Images of Different Sizes of Nanocube Clusters for at Their 

Peak Absorption Wavelength  

It is important to note that in some of the EEFs below the cubes are depicted as being more rectangular 

in shape than square. This is due to the scale for the different axis generated by the Lumerical software. 

 

Figure 6.55: EEFs of 30 nm, 45 nm and 60 nm SS dimers calculated with 0° polarized light (A-C) and 90° polarized light (D-F). A 
2D Y plane was used for the calculations with 0° polarized light  and 90° polarized light. The coloured axis to the left of the 

images indicates the magnitude of the EEF. The EEFs were calculated at 520 nm (A), 566 nm (B), 674 nm (C), 444 nm (D), 446 
nm (E) and 398 nm (F). 
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Figure 6.56: EEFs of 30 nm/45 nm, 30 nm/60 nm and 45 nm/60 nm DS dimers calculated with 0° polarized light (A-C) and 90° 
polarized light (D-F). A 2D Y plane was used for the calculations with 0°  and 90° polarized light. The coloured axis to the left 
of the images indicates the magnitude of the EEF. The EEFs were calculated at 558 nm (A), 57 6nm (B), 622 nm (C), 404 nm 

(D), 404 nm (E) and 400 nm (F). 

 

Figure 6.57: EEFs of 30 nm, 45 nm and 60 nm row trimers calculated with 0° polarized light (A-C) and 90° polarized light (D-F). 
A 2D Y plane was used for the calculations with 0° polarized light and 90° polarized light. The coloured axis to the left of the 
images indicates the magnitude of the EEF. The EEFs were calculated at 600 nm (A), 688 nm (B), 660 nm (C), 418 nm (D), 444 

nm (E) and 372 nm (F).  
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Figure 6.58: EEF of 30 nm triangle trimer. A-C show the respective Z, X-R and Y planes calculated with 0° polarized light at 514 
nm and D- F show the Z, X-R and planes calculated with 90° polarized light at 538 nm. The coloured axis to the left of the 

images indicates the magnitude of the EEF. 

 

Figure 6.59: EEF of 45 nm triangle trimer. A-C show the respective Z, X-R and Y planes calculated with 0° polarized light at 558 
nm and D- F show the Z, X-R and planes calculated with 90° polarized light at 594 nm. The coloured axis to the left of the 

images indicates the magnitude of the EEF. 



154 

 

Figure 6.60: EEF of 60 nm triangle trimer. A-C show the respective Z, X-R and Y planes calculated with 0° polarized light at 596 
nm and D- F show the Z, X-R and planes calculated with 90° polarized light at 626 nm. The coloured axis to the left of the 

images indicates the magnitude of the EEF. 

 

Figure 6.61: EEF of 30 nm diamond tetramer. A-C show the respective Z, X-R and Y planes calculated with 0° polarized light at 
502 nm and D- F show the Z, X-R and planes calculated with 90° polarized light at 570 nm. The coloured axis to the left of the 

images indicates the magnitude of the EEF. 
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Figure 6.62: EEF of 45 nm diamond tetramer. A-C show the respective Z, X-R and Y planes calculated with 0° polarized light at 
544 nm and D- F show the Z, X-R and planes calculated with 90° polarized light at 650 nm. The coloured axis to the left of the 

images indicates the magnitude of the EEF. 

 

Figure 6.63: EEF of 60 nm diamond tetramer. A-C show the respective Z, X-R and Y planes calculated with 0° polarized light at 
558 nm and D- F show the Z, X-R and planes calculated with 90° polarized light at 740 nm. The coloured axis to the left of the 

images indicates the magnitude of the EEF. 


